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This thesis provides a new explanation for the behaviour of radar backscatter of 
forests using vegetation structure models from the field of macroecology. The forests 
modelled in this work are produced using allometry-based ecological models with 
backscatter derived from the parameterisation of a radiative transfer model. This 
work is produced as a series of papers, each portraying the importance of 
macroecology in defining the forest radar response. Each contribution does so by 
incorporating structural and dynamic effects of forest growth using one of two 
allometric models to expose variations in backscatter as a response to vertical and 
horizontal forest profiles. The major findings of these studies concern the origin of 
backscatter saturation effects from forest SAR surveys. In each work the importance 
of transition from Rayleigh to Optical scattering, combined with the scaling effects of 
forest structure, is emphasised. These findings are administered through evidence 
including the transition’s emergence as the region of dominant backscatter in a 
vertical profile (according to a dominant canopy scattering layer), also through the 
existence of a two trend backscatter relationship with volume in the shape of the 
typical “saturation curve” (in the absence of additional attenuating factors). The 
importance of scattering regime change is also demonstrated through the 
relationships with volume, basal area and thinning. This work’s findings are 
reinforced by the examination of the relationships between forest height and volume, 
as collective values, providing evidence to suggest the non-uniqueness of volume-to-
height relationships. Each of the studies refer to growing forest communities not 
single trees, so that unlike typical studies of radar remote sensing of forests the 
impact of the macroecological structural aspects are more explicit. This study 
emphasises the importance of the overall forest structure in producing SAR 
backscatter and how backscatter is not solely influenced by electrical properties of 
scatteres or the singular aspects of a tree but also by the collective forest parameters 
defining a dynamically changing forest.  
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In summary, this work provides a new explanation to describe saturation behaviour 
associated with radar remote sensing of forests through analysis of Rayleigh and 
Optical scattering trends. The negative and positive exponential trends followed by 
the respective regimes for backscattering coefficient against branching level through 
the canopy, and the nature of the maximum value predicted by the model are evidence 
that the vertical profile, and indeed forest structure, influence backscatter and  
impact on interferometric height retrievals. The dependence of the saturation effect 
on basal area and the transition from Rayleigh to Optical scattering is also 
emphasised using modelled forests devoid of volume scattering (often assumed 
responsible for the saturation effect through attenuation). This is primarily 
considered a result of the proportionality of Rayleigh scattering to the target volume 
squared and the Optical scattering to basal area. Crucially this suggests that if the 
dominant scattering regime at any volume is Optical and basal area remains 
consistent then so will backscatter. This work links macroecology directly to radar 
backscatter, emphasising the importance of ecology in the interpretation of remotely 
sensed data to provide  accurate forest parameter estimates.     
 
The thesis is provided in the form of a series of prospective journal articles intended 
for submission or currently in review. As a result of the format several themes and 











                        v 
 
Table of Contents 
Acknowledgements i 
Abstract iii 
1 Introduction 1 
1.1 Aim_______________________________________________________________ 1 
1.2 Rationale _________________________________________________________ 3 
1.3 Forest Modelling in Remote Sensing ________________________________ 6 
1.3.1 Methods of Investigation _______________________________________________ 6 
1.3.2 A History of Forest Modelling using SAR Backscatter ____________________ 8 
1.3.3 Interferometry and Polarimetry in Forest Modelling______________________ 13 
1.4 The Role of Allometry_____________________________________________ 17 
1.4.1 How are allometric equations created? _________________________________ 18 
1.4.2 Allometry and SAR Remote Sensing in the Literature ____________________ 20 
1.4.3 Consideration of Biological Realism and Scattering Processes___________ 22 
2 RADAR Scattering Principles 25 
2.1 Vegetation Scattering _____________________________________________ 28 
2.1.1 Radiative Transfer Theory _____________________________________________ 29 
2.2 Forest Scattering Mechanisms_____________________________________ 33 
2.2.1 Influence of Shape ____________________________________________________ 34 
2.2.1.1 Cylindrical Scatterers____________________________________________ 35 
2.2.2 Influence of Composition______________________________________________ 36 
2.2.2.1 Dielectric Properties_____________________________________________ 36 
2.3 The Influence of Scattering Regimes _______________________________ 39 
2.4 Forestry applications of SAR ______________________________________ 45 
2.4.1 Synthetic Aperture Radar______________________________________________ 45 
2.4.2 How is SAR polarisation affected by forest scattering? __________________ 47 
2.4.3 SAR Backscatter and Saturation Over Forests __________________________ 49 
3 Modelling Methods 55 
3.1 The WBE Model __________________________________________________ 55 
3.1.1 Application of WBE Model to Forest Remote Sensing____________________ 58 
3.1.2 Allometric Predictions ________________________________________________ 59 
3.1.3 Relating WBE to Biomass _____________________________________________ 62 
3.1.4 WBE Prediction for Populations________________________________________ 62 
3.1.5 WBE Height and Biomass _____________________________________________ 63 
3.2 The SERA Model__________________________________________________ 64 
3.3 The Matchstick Model_____________________________________________ 69 
3.3.1 Individual Stem Characteristics ________________________________________ 72 
3.3.2 Stem Number Densities (Populations) __________________________________ 72 
3.3.3 Scattering Considerations_____________________________________________ 74 
3.4 RT2 to model SAR Scattering from Forests _________________________ 76 
3.4.1 Ground Scattering Model ______________________________________________ 77 
3.4.2 Canopy Scatterers ____________________________________________________ 80 
                        vi 
 
3.4.3 Preliminary Backscatter Findings ______________________________________ 81 
3.4.4 Dominant radii in RT2 scattering _______________________________________ 84 
3.5 Structure of Experimental Modelling Within Thesis__________________ 89 
4 A Macroecological Analysis of SERA Derived Forest Heights and 
Implications for Forest Volume Remote Sensing 95 
4.1 Abstract _________________________________________________________ 96 
4.2 Introduction______________________________________________________ 97 
4.3 Methodology _____________________________________________________ 99 
4.3.1 SERA ________________________________________________________________ 99 
4.3.2 Height Classifications and Remote Sensing____________________________ 100 
4.3.3 SAR Inferred Forest Height ___________________________________________ 102 
4.3.4 LiDAR Inferred Forest Height _________________________________________ 103 
4.4 Results _________________________________________________________ 104 
4.4.1 Forest Height Analysis _______________________________________________ 104 
4.4.2 The Influence of Number Density______________________________________ 104 
4.4.3 The Influence of Species Variation ____________________________________ 108 
4.4.4 The Influence of Environmental Conditions ____________________________ 113 
4.4.4.1 Light Intensity _________________________________________________ 113 
4.5 Discussion______________________________________________________ 117 
4.5.1 The Relationship Between Forest Height and Volume___________________ 117 
4.5.2 Regarding Resource Constraints______________________________________ 119 
4.5.3 The Relevance of Lorey’s Height ______________________________________ 122 
4.5.4 An Alternative Relationship___________________________________________ 124 
4.6 Conclusions ____________________________________________________ 126 
5 Vertical Backscatter Profile of Forests Predicted by a 
Macroecological Plant Model. 129 
5.1 Abstract ________________________________________________________ 131 
5.2 Introduction_____________________________________________________ 131 
5.3 The Forest Structure Model_______________________________________ 132 
5.3.1 Plant Structure from the WBE Model __________________________________ 132 
5.3.2 Generalised Allometric Predictions____________________________________ 133 
5.3.3 Branch Length ______________________________________________________ 134 
5.4 Methodology ____________________________________________________ 135 
5.4.1 Modelling Strategy___________________________________________________ 135 
5.4.2 First Order Estimate of Trends ________________________________________ 135 
5.4.3 Geometric Optics Assumptions _______________________________________ 139 
5.4.4 Attenuation Considerations __________________________________________ 141 
5.5 Results _________________________________________________________ 143 
5.5.1 Radiative Transfer Modelling _________________________________________ 143 
5.6 Discussion______________________________________________________ 150 
5.6.1 Predictions and Implications _________________________________________ 150 
5.7 Conclusions ____________________________________________________ 151 
                        vii 
 
6 A study of forest vertical structure estimation using coherence 
tomography coupled to a macro-ecological scattering model 153 
6.1 Abstract ________________________________________________________ 154 
6.2 Introduction_____________________________________________________ 155 
6.3 Methodology ____________________________________________________ 155 
6.4 Coupled Ecology and EM Scattering Model ________________________ 157 
6.5 Coherence Tomography__________________________________________ 158 
6.6 Comparison With Experimental Data ______________________________ 162 
6.7 Conclusions ____________________________________________________ 165 
7 A “Matchstick Model” of Microwave Backscatter from a Forest 167 
7.1 Abstract ________________________________________________________ 169 
7.2 Introduction_____________________________________________________ 170 
7.3 Methods and Theory: The Matchstick Model _______________________ 172 
7.3.1 Individual Stem Characteristics _______________________________________ 174 
7.3.2 Stem Number Densities (Populations) _________________________________ 175 
7.3.3 Scattering Considerations____________________________________________ 178 
7.3.4 Radiative Transfer Modelling Using RT2 _______________________________ 182 
7.4 Results _________________________________________________________ 183 
7.4.1 Model data __________________________________________________________ 183 
7.4.1.1 Saturation Effects______________________________________________ 184 
7.4.1.2 The influence of Stem Radii on SAR Data. ________________________ 185 
7.4.2 Saturation___________________________________________________________ 186 
7.4.2.1 Initial Findings_________________________________________________ 186 
7.4.3 Mie Oscillations _____________________________________________________ 192 
7.5 Discusssion_____________________________________________________ 195 
7.6 Conclusions ____________________________________________________ 196 
8 SAR backscatter trends as a consequence of the emergent 
properties of tree populations 197 
8.1 Abstract ________________________________________________________ 199 
8.2 Introduction_____________________________________________________ 200 
8.3 Methods ________________________________________________________ 201 
8.3.1 SERA _______________________________________________________________ 201 
8.3.2 Rayleigh and Optical Scattering Theory _______________________________ 204 
8.4 Modelling Strategy_______________________________________________ 206 
8.5 Results _________________________________________________________ 215 
8.5.1 Forest Data Comparison of Mono and Multi Species Plots ______________ 215 
8.5.2 Backscatter Consequences of Scattering Regime Transitions ___________ 218 
8.6 Discussion______________________________________________________ 225 
8.7 Conclusions ____________________________________________________ 228 
                        viii 
 
9 Thesis Discussion 231 
10 Thesis Conclusions 241 
11 References 245 
12 Appendices 265 
12.1 Appendix 1______________________________________________________ 265 
12.1.1 Preliminary Validations for Allometric Choices ____________________ 265 
12.2 Appendix 2______________________________________________________ 269 
12.2.1 SERA Parameter File Examples __________________________________ 269 
12.3 Appendix 3______________________________________________________ 270 
12.3.1 Comparative Data for Cases (b) and (c) from Chapter 10 ___________ 270 
12.4 Appendix 4______________________________________________________ 274 







The aim of this thesis is to analyse and determine the importance of macroecology in 
forest remote sensing, particularly in radar backscatter studies. Macroecology deals 
with the study of relationships between organisms and their environment at large 
spatial scales to characterise and explain statistical patterns of abundance, distribution 
and diversity. These attributes of an ecosystem are directly influenced by the 
surrounding environment in which they are placed and as a result are affected by 
environmental variations both internal and external in nature. The manifestation of 
these changes are the physical attributes exhibited by the system. In the case of a 
forest the dynamics of growth and size as well as mortality will be affected, 
producing unique forest systems for the environment they occupy. 
 
The influence Macroecology has on the radar backscatter of a forest is believed 
throughout this work to emanate from the variations enforced by the environment on 
the branch and stem sizes and the number density within a studied forest. These 
physical aspects of a forest determine the different scattering mechanisms and the 
intensity of scattering produced. They are therefore believed to be in direct relation to 
macroecological changes. In this work the radar backscatter from a forest is linked to 
the specific Macroecological trends of self thinning, number density, forest height, 
basal area and most importantly to the volume and biomass of forests.  The influence 
of Forest Macroecology on radar backscatter is highlighted to play a significant role 
in determining the trends exhibited by empirical studies and significantly, suggests 
that relationships between forest volume and forest backscatter are non-unique and 
are instead a consequence of Macroecological variations. The original scientific work 
of this thesis begins in Chapter 4 with an analysis of the forest height to forest volume 
relationships that are predicted by a forest growth model (SERA (Hammond and 
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Niklas 2009) see also Chapter 3.2). The direct implications for forest remote sensing 
are considered and the consequences of the use of allometry (Chapter 1.4) are also 
considered. The work which follows on from this analysis directly incorporates radar 
modelling and forest structure provided by the WBE model ((West et al. 1997) and 
Chapter 3.1). In Chapter 5 the vertical backscatter distribution of forests is examined 
with close attention paid to the effect of branch component number densities and size 
distributions. This is followed in Chapter 6 by an interferometric analysis of the 
backscatter profiles of Chapter 5 using coherence tomography techniques. Chapters 7 
and 8 consider the effect of macroecological variation on the process of direct volume 
inferral from backscatter intensity measurements using the Matchstick Model (see 
Chapter 3.3) and SERA respectively. Each study considers the physics of scattering 
and the trends produced by backscatter modelling using RT2 ((Saich 1993) see also 
Chapter 3.4) to provide general reasoning related to macroecological behaviour for 
backscatter trends exhibited in empirical data. Chapters 1-3 provide background on 
forest modelling methods, the complementary use of allometry, the principles of SAR 
scattering and descriptions and uses of the specific models featured in this study.  
 
This thesis aims to address the following key questions through the original work 
presented. Each experimental Chapter (4-8) offers a deductive approach to forest 
modelling. Some key questions this thesis addresses are: 
1. How does the relationship between synthetic aperture radar backscatter and 
forest volume vary when forests are exposed to vertical and horizontal 
structure variation? 
2. How consistent are the relationships between forest volume and forest height 
classifications?  
3. How do any variations in height to volume relationships impact on the use of 
allometry to infer forest volume and biomass? 
4. How does branch size and number distribution within the canopy influence 
backscatter interpretation? 
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5. Can forest backscatter be described through a comparison of scattering theory 
trends? 
6. What are the consequences of the findings presented here for the future of 




With the continuing debate over climate change in present day political and social 
environments there is pressing need for an accurate analysis of forest biomass for use 
as an effective measure of carbon sequestration. As a country's carbon usage can be 
offset by such methods (Brown et al. 2000a; Sedjo and Marland 2003) a lot of recent 
interest has been devoted to this subject by the academic community. Forest biomass 
estimates have commonly been carried out by taking advantage of allometric 
relationships originating from standard forestry measurements such as diameter at 
breast height (DBH) or basal area (Chave et al. 2004; Keller et al. 2001; Nelson et al. 
1999); often requiring collection of data at ground level to develop site specific 
equations (Gehring et al. 2004; Ketterings et al. 2001). Complete global coverage 
using such methods remains difficult and as a consequence remote sensing has, as 
such, been nominated and begun to prove itself as the method to provide this 
coverage. Various works have enforced the importance of such research including 
that of (Treuhaft et al. 2003) who stated that balancing terrestrial carbon budgets, 
“calls for global remote sensing of forest biomass”. Recent work has been hampered 
by underestimates of biomass using remote sensing (Chen et al. 2009; Sandberg et al. 
2009) but the fact that relationships exist between microwave interactions and 
aboveground biomass suggests there is great scope for improvement in the 
understanding and application of SAR and other EM remote sensing methods.  
 
Optical methods, including those using infrared for forestry applications, (Sellers 
1992), have obvious flaws when confronted with cloud cover or other meteorological 
 4 
barriers. These barriers strongly limit the number of available optical images 
(Bindlish and Barros 2001), in addition to the fact that collection can only take place 
during daylight hours. Contrary to these limitations, Synthetic Aperture Radar (SAR) 
is not hampered by atmospheric conditions in the same way, allowing it to stand out 
as the choice method for forest remote sensing exhibiting correlations between radar 
cross section and forest parameters such as biomass (Le Toan et al. 1992). The 
principles of SAR acquisition are described in detail in Chapter 2. 
 
Forest modelling using SAR to obtain biomass values can be carried out in different 
ways; by analysing the values of the normalised radar cross section (Castel et al. 
2002), by using interferometric (Floury et al. 1997) and polarimetric methods ((Mette 
et al. 2004a), or through a combination. These methods each have their advantages as 
well as flaws. Forest biomass shows a strong relationship with normalised radar cross 
section but only until a certain biomass level is reached. Normalised radar cross 
section saturation occurs at a point, typically associated with a biomass level relative 
to the radar frequency. Beyond this level it is generally accepted that no more 
information is perceived to be attainable (Imhoff 1995a) whether that be a result of 
signal attenuation or forest structure. SAR interferometric methods of biomass 
retrieval also have deficiencies as they rely on the ability to distinguish between 
height and ground contributions, errors are often apparent in the identification of the 
explicit height measurements (Papathanassiou and Cloude 2001). Polarimetry and 
interferometry have been used to avoid the limiting influence of saturation, but 
inaccuracies of up to 30% have been recorded (Mette et al. 2002). Height 
inaccuracies associated with interferometry are often due to coherence discrepancies. 
In forest scenarios coherence has been observed to reduce as stand height increases, 
and typically as biomass increases (Floury et al. 1996). 
 
Approximately 38% of the world’s vegetated surface area, containing 81% of the 
estimated total store of its biomass, is above the saturation limit of current radar 
systems with 62% of the Earth’s vegetated surface area existing at biomass below the 
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saturation level for P-Band (Imhoff 1995a). This in turn contains only an estimated 
19% of the total biomass represented by terrestrial vegetation. Experimental studies 
with airborne systems such as AirSAR and E-SAR over temperate, boreal and 
tropical forests; (Beaudoin et al. 1994; Dobson et al. 1992; Hoekman and Quiriones 
2000; Le Toan et al. 1992; Quegan et al. 2000; Rignot et al. 1994), have indicated that 
saturation occurs at approximately 30, 50 and 150–200 tonnes/ha at respective C, L 
and P-Bands. While these systems can measure a large range of above-ground forest 
biomass, spaceborne radars currently available are limited by their operational 
wavelengths to biomass levels of less than 50 tonnes/ha with the longest wavelengths 
used being L-Band. The proposed P-Band ESA BIOMASS mission (Scipal et al. 
2010) is one possible future system that aims to increase the biomass range of 
spaceborne systems, but currently the prospect of any longer wavelength systems in 
orbit provides major technical and financial difficulties. Nonetheless, the use of 
current systems provides the ability to monitor biomass and biomass increments of 
young forests below the saturation point, a valuable asset to carbon cycle studies 
(Kurz and Apps 1999). Future L-Band systems such as Tandem-L (Krieger et al. 
2009) are hoped to be capable of more accurate biomass estimates using 
interferometry, even at post saturation biomass levels. A greater understanding of the 
relationship of normalised radar cross section with post saturation biomass, or a 
similar improvement in the understanding of height to biomass relationships to 
improve the accuracy of interferometric techniques is required to maintain the 
momentum of forest biomass research using remote sensing. With either option the 
accuracy of results could be significantly improved by modelling studies which 
incorporate environmental and biological information in to the modelling. With these 
considerations the accuracy of forest biomass estimation will definitely improve as 
the forest primarily dictates the backscatter both in terms of scatterer shape and size 
and through number density. 
 
Enhancing forest remote sensing using biology can be done in two prominent ways. 
The first method involves the complete destructive sampling of a forest, allowing all 
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trees to be accurately measured and weighed. Such an approach has an obvious 
environmental impact.. The second method requires a more sample based measuring 
technique by selectively sampling trees of particular heights and breadths. These can 
then be used to approximate and represent the scaling relationships in the forest. Both 
methods can contribute to the enhancement and study of allometry which aims to 
develop equations to be used as an accurate representation of the scaling relationships 
exhibited by all trees within a forest.  
 
Through the methods of allometry and remote sensing this work aims to provide 
alternative methods of estimating biomass by proposing links between the 
macroecological behaviour of a forest and the remote sensing measurements. 
Although backscatter is deemed proportional to biomass, the variations that have been 
recorded in this relationship (Patenaude et al. 2005) are proof enough that a greater 
understanding of what causes saturation and these variations is required. This thesis 
follows the recorded course of investigation due to the association of macroecology 
with the dynamics of a forest, and through these dynamics, with SAR backscatter. An 
enhancement in biological understanding of is hoped will help determine whether 
forests should continue to be viewed as random volumes above a surface, in a similar 
fashion to the Water Cloud Model of (Attema and Ulaby 1978) and Random Volume 
Over Ground model used by (Treuhaft and Siqueira 2000), or whether additional 
complexity associated with forest structure, macroecology and evolution is required. 
 
1.3 Forest Modelling in Remote Sensing 
 
1.3.1 Methods of Investigation 
 
In general, the most prominent approaches of forest biomass estimation according to 
(Mette et al. 2003) are: the estimation from individual tree mapping (Needham 1987), 
estimation from optical and radar signal intensity using correlation between 
backscatter intensity and biomass (Le Toan 2001), allometric estimations based on 
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forest parameters closely related to biomass such as tree height (Mette et al. 2004b), 
or the less commonly used, within SAR studies, LAI (Dong 2003). The role SAR 
studies have played in the estimation of forest biomass can also be generalised into 
prominent approaches; the initial research period upon the initiation of SAR 
involving intensity measurements, the use of interferometry and incorporation of 
allometry, and most recently the use of polarimetric methods both alone and in 
combination with interferometry to take advantage of unique polarimetric responses 
of vegetation as a consequence of the nature of scattering.  
 
In 1990 Richards published a review of current trends in forest research using radar 
backscatter (Richards 1990). Published prior to the onset of Pol-INSAR, this paper 
considered the challenges faced when modelling forests,  
 
“the propensity for substantial energy penetration into the forest canopy, especially 
at longer wavelengths, suggests that the integrated backscatter observed from a forest 
environment must be a collection of scattering events involving the canopy, the tree 
woody matter and the understory or subsurface under the canopy”.  
 
 This statement now appears obvious with regards to studies involving decomposition 
(Cloude et al. 1996) but it outlined the potential need for microwave backscatter to be 
modelled more directly with forest structure. Introducing a fully layered or 
allometrically based forest model, as undertaken in this thesis, to do just this is a 
logical step to effectively assess the contributions of forest structure on backscatter. 
Attempts to model backscatter with regards to realistic forest structures have been 
limited in the literature and tend to be more focussed on ideal structures with little 
basis in biological models. A prime example of this has been the widely used Water 
Cloud Model (Attema and Ulaby 1978).  Richards also stated that forest modelling 
using radar, in general, takes on three different guises. The analytical approach, based 
on electromagnetic theory and well known expressions for radar backscatter 
coefficients (Saatchi and Moghaddam 2000); regression models which aim to fit 
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experimental data (Eom 1986); and phenomenological models concerned with 
biological processes (Freeman et al. 1992). This thesis aims to employ these guises 
with particular emphasis on the biological influence of forest dynamics. The complex 
nature of modelling energy interactions within forests raises the possibility that to 
achieve the most accurate forest biomass estimates using microwave remote sensing 
any chosen technique should involve a combination of each, taking advantage of their 
individual strengths to negate any inherent weaknesses.  
 
Sacrifices of realism have often been a feature of forest modelling in order to limit 
complexity. (Karam and Fung 1988) created a model consisting solely of branches 
and surface, while (Lang 1985) in a similar effort to simplify used a model devoid of 
branches. Importantly these models maintained a link with the biological structure of 
a forest, but did not venture as far as to explore how differing forests on a 
macroecological level produce different backscatter. The inclusion of biological 
realism in forest models for radar studies can be used to maintain the essential 
simplicity and tractability of many existing models with only a negligible increase in 
complexity. Such an attempt is made in this thesis in which simple structures are used 
but within the simplicity of the structures is a scaling regime built on models derived 
from empirical evidence and factoring in the effects of forest thinning. Improving 
relationships between nature and models used in remote sensing does not necessarily 
lead to an escalation in complexity. By refining allometric relationships of particular 
features and modelling significant growth more accurately it is believed that greater 
understanding of forest microwave interactions can be revealed. This is done in this 
thesis using the models described in Chapter 3. 
 
1.3.2 A History of Forest Modelling using SAR Backscatter 
 
In many theoretical models, vegetation canopy is treated as a uniform layer of 
specified height containing a random distribution of scatterers (Attema and Ulaby 
1978) (Karam and Fung 1988). Limitations in these theoretical scattering models are 
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associated with scatterer assumptions. In such models the scatterers, for simplicity, 
are often located in one layer above the soil surface, an arrangement which negates 
the trends of many forests, particularly managed ones in which the vertical structure 
is highly organised. (Ulaby et al. 1990) was one of the first works to successfully 
introduce multi-layered models. In contrast to idealised theoretical models (Yueh 
1992) showed that it may be necessary for theoretical models to take into account 
vegetation architecture, the aspect of modelling most often sacrificed. In this thesis 
branching architecture is featured in the experimental chapters 5 and 6 with more 
idealised but applicable to long wavelength SAR structures used in 4, 7 and 8. This 
thesis is an example of how different methods may be complementary.    
 
The model presented by (Attema and Ulaby 1978) is a widely referenced work for 
experiments modelling microwave-canopy interactions due to its mathematical ease 
and effective results with both crop (Graham and Harris 2003; Wigneron et al. 1999) 
and forest modelling (Askne et al. 1997; McDonald et al. 1990). In the model, the 
canopy is represented as a distribution of isotropic point scatterers with only single 
scattering events considered. As such the vegetation layer can be modelled as a 
“Water Cloud”, hence the commonly held name “Water Cloud Model” (WCM). This 
model uses the same physics for modelling forest backscatter as that used for clouds, 
assuming the canopy to be composed of spheres of equal size. Although extremely 
simple, it provides one explanation to the "saturation” effects observed when plotting 
SAR backscatter against biomass. To increase biomass in this model the depth of the 
layer must be increased, with depth increasing until it is eventually considered 
opaque. The only significant variables are the height of the canopy layer and the 
cloud density. The geometry of this model allows it to be easily modified and used in 
conjunction with other models such as the radiative transfer models of (Ulaby et al. 
1990), known as MIMICS, or RT2 (Anderson 2000; Saich 1993; Saich 2002; Saich et 
al. 1995), which is used effectively to model multi layer scenarios in this thesis but 
also in the work of (Balzter et al. 2003b; Brown et al. 2000b; Cookmartin et al. 2000; 
Saich et al. 2001; Woodhouse 2006b) for both agricultural and forest applications. 
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RT2 is very important to the work of this thesis and is discussed in Chapter 3.4. The 
MIMICS model is based on a first order solution of the radiative transfer equation 
(see Chapter 2.2) for a tree canopy comprising a crown layer, modelled by a 
distribution of dielectric cylinders representing branches, and discs representing 
leaves. The trunks are treated as dielectric cylinders of uniform diameter. It is stated 
in (Ulaby et al. 1990) that the major shortcomings of previous available models were 
that they treated the canopy as a continuous layer in the horizontal direction, as well 
as assuming the canopy to have uniform properties in the vertical direction with 
scatterers in the crown volume uniform in size, shape and dielectric properties. These 
shortcomings are acknowledged in the choice of scattering model used in this thesis. 
The ability of RT2 to model layer-ground interactions from each modelled canopy 
layer (considered an important component of long wavelength SAR forest scattering 
such as that exhibited at P (Saatchi and McDonald 2002) and VHF (Fransson et al. 
2000a; Hallberg et al. 2005) bands) in addition to the individual scattering 
mechanisms makes it a more appropriate model for this study.  
 
There has been a relative lack of work broaching the subject of linking forest 
modelling using SAR and biological growth models. The “Water Cloud Model” is 
still continually used in its original form (Bindlish and Barros 2001); (Askne et al. 
1997), while its use in (Richards et al. 1987) is applied with the view of developing a 
theoretical radar backscatter model through characterisation of tree component 
scattering properties and through imposition of empirically derived spatial 
distributions. The model produced a simplistic interpretation of the forest structure in 
keeping with the WCM’s simplicity but highlighted the significance of the tree trunk 
to the backscatter response. Although empirically derived, the fact remains that the 
growth of individual trees was not analysed in Richard’s work, resulting in a site 
specific model rather than a more generic interpretation applicable to other forests as 
attempted in this thesis. The growth models used in this thesis are based on the 
biophysical and allometric relationships exhibited by species of multiple ages from 
multiple locations. The West, Brown and Enquist model, WBE (West et al. 1997) is 
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based on the requirements of resource distribution using a branching structure in 
accordance with biological, hydraulic, and mechanical theories, while the SERA 
model is more empirically based with a large influence placed on a single plantation 
monitored over a 100 year period but with inputs from many field study sites through 
the Cannell compendium(Cannell 1982). Both models are also easily manipulated in 
this thesis to account for changing conditions in terms of environment and scaling and 
are described with reference to their applicability to this thesis in Chapter 3. 
 
Other approaches to remote sensing vegetation modelling have been made by (Lang 
1983) using a set of dielectric discs with specified statistical distributions of angular 
orientation to represent foliage. This has been effectively used in inversion 
procedures by (Lang and Saleh 1985). (Eom and Fung 1986) investigated the 
usefulness of needle and disc models, while previously (Tsang 1981) attempted to 
model the canopy layer by simulating a dielectric slab with a randomly fluctuating 
dielectric constant. In (Karam and Fung 1988) a scattering model for defoliated 
vegetation was developed by treating a branching layer within a canopy as a 
collection of randomly oriented dielectric cylinders of finite length over an irregular 
ground surface. Both the polarised and depolarised backscattering were computed for 
this setup and their behaviour versus the volume fraction, the incidence angle, the 
frequency, the angular distribution and the cylinder size were illustrated.  
 
Further models have been created which have been designed with the compromise 
between complexity and tractability firmly in mind. A multi-layered model of the 
forest structure was derived in (Karam 1995), in the sequel to the work of (Karam et 
al. 1992), which built upon the “Water Cloud Model” and progressed the work of 
(Karam and Fung 1988). In this work, vegetation was modelled using a randomly 
oriented disc analogy, an aspect further explored in, (Treuhaft et al. 1996) and 
(Treuhaft and Siqueira 2000) in compiling the RVoG, or Random Volume Over 
Ground model. The original (Karam et al. 1992) model accounted for first and 
second–order scattering within the canopy, surface roughness in canopy-soil 
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interaction, and allowed variation in branch size and orientation to be included, in a 
similar manner to RT2. These characteristics were maintained in subsequent model 
developments. This approach showed that for a match between calculated and 
measured values of backscattering coefficients the branch size distribution was 
important and so much so that the use of only one or two average branch sizes within 
the canopy would not be sufficient to explain multi-frequency data; an aspect 
addressed by (Woodhouse and Hoekman 2000). The (Karam et al. 1995) model 
furthered the work by considering a fully polarimetric canopy based on a second 
order solution of the radiative transfer model. 
 
The RVoG model is commonly used as the model inverted in polarimetric 
interferometry to derive canopy height in work such as (Cloude and Papathanassiou 
2003). In a similar manner to the WCM it increases forest volume by increasing 
canopy depth but features scatterers more suited in size and shape to describing 
scattering from branches. The resulting backscatter profile using these models is a 
function of extinction with homogeneous number density throughout the modelled 
forest. In conjunction with interferometry and polarimetry the RVoG model can be 
used to estimate vertical-structure parameters due to its simple description of 
extinction with increasing canopy depth (the applicability of such methods to RT2 
modelled data is investigated in Chapters 5 and 6). The usefulness of interferometry 
in forest modelling is that it responds primarily to the location and distribution of 
vegetation components and underlying surfaces, while for polarimetry it is known to 
respond primarily to the orientation and shape of scatterers (Treuhaft and Siqueira 
2000). Methods of remote sensing which can be used to distinguish such details of 
forest composition identified by interferometry and polarimetry call for the use of 
forest models based on biological processes, and realism such as offered by WBE and 
SERA (Hammond and Niklas 2009; West et al. 1997).  
 
Although each of these theoretical works remain important land marks in this field of 
research, the common factor missing continues to be a direct relationship to biology 
 13 
and the macroecological relationships governing the growth of forests. It is believed 
here that this is necessary to emphasise the importance of the relationships existing 
between forests as a consequence of sharing a common functionality. Such 
consideration was taken by (Woodhouse 2006b) by combining the WBE model with 
the WCM to take advantage of the relative simplicity of both, and in doing so to 
highlight the potential of such alliances. It is upon that work which this thesis aims to 
improve. 
 
1.3.3 Interferometry and Polarimetry in Forest Modelling 
 
Prior to the development of radar interferometry as a technique for forest structure 
modelling, remotely sensed biomass was mainly derived from the power of the 
microwave returns (Treuhaft et al. 2003). Inaccuracies in this method were apparent 
when it came to larger scale biomass estimates with volume saturation occurring at 
biomass levels as low as 150ton/ha at the lowest useable microwave frequencies 
(Patenaude et al. 2005) (Imhoff 1995a). Interferometry and Polarimetry offer 
alternatives. 
 
Two factors constrain the use of interferometry in SAR for evaluating the relationship 
between the interferometric observables and the parameters of the scattering process 
(Cloude and Papathanassiou 1998). One is that a conventional interferometric system 
operating with a fixed polarisation at a single frequency is not able to provide enough 
independent parameters necessary to describe natural scattering processes. The 
second is in the interpretation of the interferograms; involving an estimation of the 
location of the effective scattering phase centres (dominant backscatter location), with 
dependence on wavelength, polarisation and other physical and geometrical 
parameters of the scatterer. These problems have been broached by using multi 
parameter techniques including multi-temporal (Papathanassiou et al. 1997), taking 
advantage of the temporal decorrelation, multi-frequency (Papathanassiou et al. 1997) 
(Lanari et al. 1996) making use of the frequency dependent behaviour of the 
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interferometric coherence and the varying depth penetration achieved with varying 
frequencies, and multi-baseline (Treuhaft et al. 1996) which extends the number of 
independent observations.  
 
Accuracy in forest height estimation using interferometry is dependent on the 
identification of scattering centres and remains an ongoing challenge. In effect this 
technique relies upon the idenitifcation of distinguishable areas of backscatter within 
the vertical profile with interferometric canopy height highly significant. Due to the 
common misinterpretation of the origin of scattering phase centres, using heights 
retrieved from interferometry to ascertain biomass is not necessarily an accurate 
method. Understanding which height these phase centres refer to, whether that be 
maximum, average or a weighted average, and how the retrieved height is related to 
the biomass are extremely important considerations for maximising the ability of 
interferometry. These deficiencies are addressed in the work of this thesis both 
through an explanation for the occurrence of scattering centres and through a 
description of the relationships of various height classifications to volume in Chapter 
4. Chapters 5 and 6 also analyse how these phase centres can vary in location as a 
consequence of structural variation.  
 
In (Treuhaft and Cloude 1999) the identification of the top of the canopy and 
knowledge of an underlying topography were to lead to reported vegetation height 
accuracies in the 2-8m range. This was dependent on parameters such as the level of 
orientation of the vegetation, average extinction, and other forest characteristics. 
Treuhaft and Cloude (1999) provided a method of garnering parameter estimates 
using the characteristics of the eigenpolarisations estimated from the co-polar and 
cross-polar combinations of the signal used to analyse forest structure. In the 
representation of a randomly oriented volume the vegetation parameters on which the 
cross correlation was identified to depend were given as, the vegetation layer, the 
altitude of the bottom of the vegetation layer and the extinction coefficient. As there 
were three parameters to be found from the two observations of amplitude and phase 
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it was clear that a single observation could not be used to accurately estimate the 
required parameters. The solution being to feature more than one observation to 
provide enough interferometric amplitudes and phases to accurately estimate 
structural parameters and the extinction coefficient but even with the greatest 
accuracies the indirect nature of biomass retrieval using interferometry is dependent 
on the accuracy of allometric relationships (Chapter 1.4). 
 
Polarimetric SAR interferometry for forest applications was developed by (Cloude 
and Papathanassiou 1998). In this work a canopy penetration model was presented. 
The model was an electromagnetic model which had been simplified for the scenario 
of backscatter radar signals from vegetation, with the intention to showcase the 
significant role that polarimetry could play in interferometric applications. In its 
original form the method was a process of generating phase differences between 
interferograms using different polarisation combinations. Through analysis of the 
phase differences, a correlation with the vegetation height was observed.  
  
A fundamental quality of polarimetric interferometry is shown by (Isola and Cloude 
2001) in which a validity test for a model was carried out. In this model four 
unknown parameters existed with only the measurements of amplitude and phase of 
coherence available for determination; a similar situation to that seen in (Treuhaft and 
Siqueira 2000). By employing fully polarimetric interferometry it was proved that the 
ratio of unknowns to measurements became equal with the introduction of a 
polarimetric channel, bringing about one unknown parameter and two further 
measurements. This led to a 6 observables, 6 measurements ratio through the 
incorporation of two polarimetric channels. (Cloude and Papathanassiou 2003), 
further proposed a method of relating the polarimetric SAR interferometry 
observables to the physical parameters of a forest in order to establish the thickness of 
the vegetation cover including the extinction coefficient. Although, the techniques 
used have been shown to mainly underestimate tree heights (Cloude et al. 2001). The 
estimation of the extinction coefficient was seen to improve with increasing tree 
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height, ultimately showing its applicability for use in forestry applications while also 
highlighting the inaccuracies that may be a feature of height to volume relationships 
and ultimately allometric conversions to obtain biomass as was the focus of (Mette et 
al. 2003) and (Mette et al. 2004b).  
 
In polarimetric terms the polarisations HH and HV, which show the most sensitivity 
to specular scattering mechanisms i.e. the trunk and ground surface, are also said to 
show the highest sensitivity to biomass (Bindlish and Barros 2001). It is also known 
that cross-polarisation signatures are more sensitive to crown structure than the co-
polarisation signatures (Sun 1995). Within this thesis the presence of canopy 
scatterers determines the polarisations used. In their presence the chosen polarisation 
is HV due to the depolarising effects of volume scattering (Mougin et al. 1999; 
Richards et al. 1987) and the heightened sensitivity to forest biomass shown by this 
polarisation (Ranson and Sun 1994b) see Chapters 5 and 6 for their use in this thesis. 
Where only the stems are concerned the co-polarisations are preferred due to the 
enhanced contribution of the double bounce mechanism (Moghaddam and Saatchi 
1995) and are chosen according to their relative emphasis, see Chapters 7 and 8. This 
simple consideration is just one example of how multi polarisation data can be used 
as a complementary data source with or without interferometry. 
 
The heights extracted from the PolInSAR data in (Mette et al. 2004a) showed a good 
correlation with the H100 forestry value, a sample height taken as the mean of the 
100 trees with the greatest diameter at breast height, and showed how the 
consideration of the source of a scattering phase centre is crucial for accurate 
parameter estimation. It also highlighted the possibility that allometric equations may 
not suffice for forest scenarios and forest height classifications such as H100 if they 
were developed initially for individual trees rather than for a forest collective as 
shown in (Mette et al. 2004a). The significance of this is that forest height can be 
classified in numerous ways and identifying which height the scattering phase centres 
refer to is crucial to improve biomass estimation. The successful use of polarimetric 
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interferometry in conjunction with scattering models would suggest that greater 
success could be achieved through the consideration of forest models featuring 
accurate descriptions of scaling, number densities, and architecture. Although the 
scattering mechanisms associated with the phase centres are known, it is just as 
important to understand what macroecological factors determine their location within 
a forest canopy. Of particular importance is the scattering centre associated with the 
height of the canopy used to indirectly infer biomass through allometry in 
interferometric studies.  
 
1.4 The Role of Allometry 
 
The word allometry comes from the Greek word, allos meaning other, and metron 
meaning measure. Allometry is the comparative measurement of the growth and the 
size of parts of an organism’s body in relation either to other parts of the same 
organism’s body, or to the same body part in a conspecific or another species. 
Allometry forms a large part of this thesis through the SERA and WBE models with 
one or the other used in each experimental chapter of this thesis. 
 
Allometric growth represents differential rates of growth of two measurable traits of a 
living organism and are typically related by power laws:  
Y=Y0M
b 
                                                                                                                    (1.1) 
 
with Y, describing the magnitude of the organ; M, the body size; b, growth ratio; and 
Y0, a constant with a biological meaning. Similarly the power law could be expressed 
as the logarithmic equation: 
log Y = b log M + log Y0                                                                                          (1.2) 
 
When ‘b’ is less than 1 there is a negative allometry which means that as M increases, 
Y increases at a reduced rate. When b is more than 1 there is a positive allometry 
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which indicates that as M increases, Y does so also but at an increased rate. If b is 
equal to 1 there is isometric growth indicating no change in shape. An isometrically 
scaling organism would experience all volume-based properties changing with mass 
to the first power, all surface area-based properties would change with mass to the 2/3 
power, and all length-based properties would change with mass to the 1/3 power.  
 
Variations of allometry exist. Interspecific allometry is concerned with the 
comparison of the traits of same aged individuals of different species. Intraspecific 
allometry is concerned with the comparison of the traits of individuals of all ages 
within a species (Ontogenetic allometry), or the comparison of individuals of the 
same age within a species (Static allometry). Human adults tend to have the same 
proportions; around the value of b = 1 but as much as 2.5 (Burton 2010) while 
another example of allometry in humans is Kleiber’s Law (Smil 2000) which 
describes the relationship between metabolic rate and body mass.  Plant specific 
allometry is of primary relevance here. The partitioning of total body biomass among 
leaves, stems, and roots; the annual growth rates for new leaf, stem and root tissues, 
and the biomass annually invested in reproductive effort at the level of the individual 
plants are three instances of allometry in plant biology. These allometric cases are 
featured in (Niklas and Enquist 2001) where plant allometry is explored in terms of 
the relevance of the scaling of annual growth as the ¾ power of body mass, and that 
annual growth remains proportional to the capacity of the individual to intercept 
sunlight. 
 
1.4.1 How are allometric equations created? 
 
 Allometric equations in forestry rely on empirical information to determine 
relationships that exist between forest structures. To conduct the empirical studies it 
is often the case that destructive sampling is required. All tree parameters are 
measured including the mass and dry mass of the tree. Other useful parameters are 
diameter at breast height and height of tree. Although it is a necessity to conduct 
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destructive sampling to determine mass measurements the other external parameters 
can be measured more easily. Field measurements using non destructive methods are 
more environmentally friendly as well as more efficient measurement techniques in 
terms of time and money. Height remains the most difficult parameter to accurately 
measure and as such many allometric equations are created with only DBH used to 
determine biomass.  
 
Allometric equations can vary even within a single species as shown by (Zianis and 
Mencuccini 2004). It has been shown to vary within a species as a matter of age 
(Hammond and Niklas 2009) which creates problems with regards to consistency. It 
is important then that the sampling involves only trees greater than a particular size 
for a single equation; often indicated by stems with DBH > 10cm. The general result 
being that allometric equations are most suited to mature trees. Allometry has been 
used as a powerful tool to complement forest remote sensing for several years. 
Studies that have involved the collaboration of allometry and remote sensing have 
been used to investigate parameters such as biomass through LAI (White et al. 1997), 
height (Mette et al. 2004b), and canopy coverage (Lefsky et al. 2002).  
 
The role allometry plays in the forest remote sensing process, is to convert the 
remotely sensed data into useful information regarding the forest. In order to do this 
there must be some measurable aspect of the data that shows a correlation with a 
forest parameter. For example, canopy coverage detected using photogrammetry, 
LiDAR or SAR have all been shown to possess a correlation with biomass 
(Suganuma et al. 2006). Each technique can be used to establish an estimate of a 






1.4.2 Allometry and SAR Remote Sensing in the Literature 
 
While improvements to the techniques involving polarisation and interferometry 
continue to be made, an uninterrupted direct correlation with biomass remains elusive 
due to saturation. If this parameter were to be inferred using measurements from 
polarimetry and interferometry studies then a further calculation using a relationship 
between the retrieved height and the required biomass measurement would need to be 
introduced such as in (Mette et al. 2002) and introduced in a previous section, where 
a method for biomass estimation through forest height using a particular allometric 
relationship and polarimetric SAR interferometry data is proposed. Developments of 
this method were shown in (Mette et al. 2004b) where they further considered the 
relationship to biomass of other important forest parameters and not just height. 
Figure 1.1 is taken from this work and shows a consideration of the accuracy of the 
allometric links of forest parameters with forest biomass. A modified allometric 
relationship that compensated for typical overestimation existing from forestry table 
estimates was proposed. With basal area and canopy height believed to be correlated, 
the biomass was shown in theory to be defined using just canopy height. The 
relationship between biomass and height is immediately obvious across species in 
comparison with the relationships between biomass and other selected forest 
parameters.  
 
In Figure 1.2 my own study of the yield table information from British forests from 
1946 are shown including individual yield classes. The different trajectories are 
apparent and similarly to the work of (Mette et al. 2004b) the effects of different yield 
classes can be seen. The correlation of height with biomass is here represented by 
assuming its proportionality to volume, with the relationship again more obvious than 
that exhibited by parameters such as age. Specific wood density information was not 
available within the yield tables to allow biomass conversion. 
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Biomass underestimation and overestimation is a known occurrence in radar studies 
due to inaccurate height estimates (Kugler et al. 2006; Mette et al. 2004b; Wallington 
and Woodhouse 2006; Woodhouse et al. 2006) possibly resulting from a 
misunderstood relationship between the location of the canopy scattering centre and 
the height of the forest. Understanding what height this scattering centre refers to is 
key to a better understanding with the relationships of stand heights as analysed in 
(Guo et al. 2008), and (Mette et al. 2004a). 
 
 
Figure 1.1. Forest biomass allometry from yield tables of temperate forest species. Each plot 
represents four species, represented by different colours, and representing different yield classes. 
Taken from (Mette et al. 2004b). 
  
To allometrically relate biomass to forest parameters, alternatives to height have been 
used. (Treuhaft et al. 2003) indirectly used leaf area index to normalise relative 
density profiles retrieved from SAR interferometry and producing leaf area density 
values which identified agreements between field and remotely sensed biomass, while 
DBH in (Ranson and Sun 1994a) was used to validate SAR biomass estimates 
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through the use of allometric equations developed by (Young et al. 1980). Relatively 
simple empirical or semi-empirical models have also been shown to describe the 
average behaviour of radar interferometric coherence as a function of forest stem 
volume which can then be used to infer biomass (Askne et al. 1997; Fransson et al. 
2001). The best interferograms in (Fransson et al. 2001) show a linear relationship 
between stem volume and coherence with a RMSE of approximately 20% of the 
average stand stem volume density. 
 
 
Figure 1.2. 1946 British yield table data showing the correlation with volume density of two 
independent variables, height (left) and age (right). Colours represent 8 different species and their 
different yield classes. SP= Scots Pine, CP=Corsican Pine, NW=Norway Spruce, DF=Douglas Fir. 
 
 
1.4.3 Consideration of Biological Realism and Scattering Processes 
  
As has been outlined, SAR has the ability to directly and indirectly measure the 
biomass of forests. One particular problem with many models used in collaboration 
with remote sensing has been that they do not include a true forest representation 
based on biological processes or allometric scaling. In addition, advanced techniques 




Technological and theoretical advances have continued to provide new methods such 
as InSAR (Balzter 2001), PolInSAR (Cloude and Corr 2003) and coherence 
tomography (Cloude 2006) but the limitations these processes face with regards to 
their dependence on allometry and correct identification of scattering phase centres 
would suggest that consideration of biological realism and a more thorough 
understanding of the scattering processes is a requirement for future developments. 
The aim of producing and incorporating a more realistic representation of branching 
processes into forest remote sensing studies using the rules of allometry would be a 
suitable course of action.  The biological aspect of forest modelling using SAR should 
make a significant contribution to an accurate model with many factors from number 
density to size distribution of the forest constituents needing to be taken into account 
to achieve a greater accuracy than presently possible. It may not be the case that more 
parameters must be modelled to achieve a greater accuracy but rather that more 
accuracy is required in the choice of the modelled parameters. 
 
Work such as (Woodhouse and Hoekman 2000) has attempted to consider the 
structure of the forest in terms of branching but the weak point of this model like 
many others has been the unrealistic description of the spatial distribution of the 
canopy scatterers within the backscatter model which remains technically unrelated to 
actual biological processes. Like other methods an overall underestimation of forest 
height and biomass is often the result. (Richards et al. 1987) produced two figures in 
their work on L-Band forest modelling showing how simulated backscatter as a 
function of tree height and tree area density comprise different forest component 
contributions. The figures show that the trunk is the most significant contributor at L-
Band for an incidence angle of 30 degrees. As the heights of simulated trees increase 
from 10m it was shown that the double bounce contribution of the trunk increases 
while at the same time the ground and forward scattering effects drop. Volume 
scattering was shown to increase with size but not proportionally to the increase in 
trunk scattering. These figures are shown below with 1.3 (a) showing a representation 
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of the notion of “saturation” with the contributions of all components seen separately 
to tail off at heights around 30m. These figures show how the contributions to the 
backscatter with and without the trunk contribution are significant, with the volume 
contribution dominating only if the trunk scattering is discounted. Accurately 
representing the stem component of forests is the most significant biomass 
contributor to a forest and at long wavelengths the greatest contributor to backscatter 
levels. The crucial consideration here is that the backscatter from stems must be 
accurately represented to interpret forest backscatter accurately. 
 
(a) (b) 
Figure 1.3. Simulated forest backscatter from forest components (a) as a function of tree height, at an 
incidence angle of 30 degrees and for 20 trees. (b) as a function of stand density, at an incidence angle 
of 30 degrees and for a tree height of 20m.  All data L-Band and HH polarisation. Taken from 
(Richards et al. 1987). 
 
If the scattering processes can be more thoroughly understood then the only further 
improvement that can be made to the process of forest biomass estimation would 







2 RADAR Scattering Principles 
 
In radar measurements the quantity measured is the radar cross section for an isolated 
target or scattering coefficient for an area extensive target. To measure the radar cross 
section the size of the target must be smaller than the coverage of the radar beam, and 
the reverse is true for measuring the scattering coefficient. The radar cross-section has 
units of m² and if all incident radar energy on the target is reflected equally in all 
directions, then the radar cross section would equal the target's cross-sectional area. 
This represents an ideal case as inevitably some energy is absorbed while the 
reflected energy is not distributed equally in all directions. Because of the reality of 
the situation radar cross-section is difficult to estimate. 
 
An object can scatter an incident wave in all possible directions with varying strength. 
This scattering pattern should vary with the incident direction. For the radar cross 
section of an object the common reference is an idealised isotropic scatterer. The 
radar cross section of an object observed in a given direction is the cross section of an 
equivalent isotropic scatterer that generates the same scattered power density as the 
object in the observed direction. The radar cross section of an object is the ratio of the 
total power scattered by an equivalent isotropic scatterer to the incident power density 
























                                                              (2.1) 
 
Where Pd is the incident power density measured at the target and Ps is the scattered 
power density at a distance R. It can also be written in terms of the electric field 
intensities with E
i
 being the incident field and E
s
 the scattered field along the 
direction under consideration or using the scattering amplitude S. 
 









d =                                                                                                                (2.2) 
 
where Gt  is the transmitter-antenna power gain, Pt is the transmitted power and R is 
the range to target. The target “intercepts” a certain fraction of this wave and re-
radiates, generally in all directions with a complicated pattern of which only the 
direction returning to the receiver is important. It can be imagined that the object 
scatters equally in all directions, i.e. an isotropic scatterer. The scattered field at the 





P ds =                                                                                                                 (2.3) 
 
Where σPd is the total power that must be re-radiated by the target to produce the 
observed power density. The total received power is then Pr = PsAr where Ar is the 
receiver-antenna aperture given by  λ
2
Gr/ (4π) with Gr  the transmitter-antenna power 
gain. Combining equations (2.2) and (2.3) to give a new form of Ps then gives the 
radar equation for a two way monostatic system. Representing the returned power in 









P =                                                                                                        (2.4) 
 
In equation (2.4) only the radar cross section is related to the properties of the target. 
The radar equations defined above cover the scenario of point targets but are not 
formulated for area extensive targets and do not include polarisation effects. For area 
extensive targets such as forests where the target is larger than the incident beam the 
scattering coefficient is written as σ
0
, the radar cross section per unit area or 
normalised radar cross section. A dimensionless quantity. The total averaged power 
for an area extensive target is the integral over the illuminated area, A0, with ds 

















      (2.5) 
 
The new term of normalised radar cross section is shown as the radar cross section 
divided by the illuminated area, A0, and is given in terms of the scattered and incident 




















==                                                                                            (2.6) 
 
To incorporate polarisation effects into the radar equations consideration must be 
given to the electric fields and their corresponding powers. These are the quantities 
directly dependent on polarisation. The general form is to consider the subscript p as 
denoting the incident polarisation and q as the scattered polarisation with either being 














                                                                                        (2.7) 
 
The scattered power considered by the radar equation does not account for both 
amplitude and phase. When measurements of the scattering field are taken at large 
distances from the scatterer the scattered waves can be considered spherical due to the 
oscillations occurring perpendicular to the propagation direction. The scattered 
intensity and the incident intensity of a plane wave illuminating a rough surface area 
can be described using the vertically and horizontally polarised scattered field 
components. The scattered field E, at a range R from the scatterer can then be 
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Equation (2.8) shows that the amplitude, phase and polarisation of Es are modified 
with respect to Ei with the scattering matrix containing information on the nature and 
characteristics of the observed media. The scattering matrix is then related to the 













πR ==σ                                                                                 (2.9) 
 
2.1 Vegetation Scattering 
 
The backscatter from vegetation canopies can be determined using six factors 
(Bindlish and Barros 2001): 
1. The dielectric properties of the vegetation material.  
2. Size distribution of canopy scatterers.  
3. Shape distribution of canopy scatterers. 
4. Orientation distribution of canopy scatterers. 
5. Canopy cover geometry. 
6. The roughness and dielectric constant of underlying soil surface. 
 
Vegetation scattering can typically be described as scattering occurring from a 
volume of discrete plant components such as leaves, branches and stems. The radar 
waves that interact with vegetation components of approximately the same size as the 
wavelength produce the strongest scattering. Shorter wavelengths are therefore 
recommended for the investigation of smaller tree components and longer 
wavelengths for the investigation of trunks and larger branches. The Microwave 
spectrum spans a similar order of wavelengths as the branch sizes expected within a 
forest with typical frequencies of P-Band and X-Band representing 0.7m and 0.03m 
respectively. Energy that penetrates the canopy will also produce direct and indirect 




In the study of vegetation scattering problems, several approaches have been used. 
One method is to expand the wave integral equation in the form of a Born Series. 
Although a rigorous approach, it is most practical for dealing with low permittivity 
contrast media (Hill 1988). One way around the limitation of this wave theory is to 
apply the strong fluctuation theory and Distorted Born Approximation. This involves 
complicated mathematical manipulation and is impractical to extend to high order 
scattering effects as featured in the work of this thesis. This method is used for a two 
layer canopy case in (Saatchi and McDonald 1997) while in (Chauhan et al. 1991) for 
a simple one layer case. In contrast, solutions to radiative transfer theory are easier to 
carry out and can be extended to higher scattering orders. 
 
2.1.1 Radiative Transfer Theory 
 
Radiative transfer theory refers to the propagation of energy by radiative processes. 
Radiative transfer is complicated due to the interaction of energy with matter within 
the medium through which energy propagates. Through these interactions the original 
energy is exchanged as a result of collisions with particles within the medium. It is 
therefore a direct study of energy transport, including absorption, emission, and 
radiation effects. 
 
When radiative transfer theory is used to describe energy passing through a vacuum it 
is conveniently known that the medium will be constant and energy will not suffer 
from extinction. As soon as atmosphere is encountered extinction becomes an issue 
and complications arise. For a forest scenario these complications are increased. If we 
assume the medium to be filled with some material with a known extinction 




=                                                                                                               (2.10) 
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Where I represents intensity and s the path length with d representing the derivative. 




=                                                                                                                 (2.11) 
 
Which has a solution of: 
τeII −=  )0(                                                                                                              (2.12) 
As matter not only attenuates radiation but also emits radiation an emissivity 
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=                                                                                                             (2.14) 
 
The ratio given by j/α represents the source function in radiative transfer denoted by S 




=                                                                                                              (2.15) 
 
If the source function is equal for both depth and path length, so that S(s)=S(τ) then 
the solution of the equation is: 
)1( )0( ττ eSeII −− −+=                                                                                          (2.16) 
 
This shows that in a medium with a sufficiently large optical depth τ the original 
input intensity (before the ray entered the medium) I(0) is gradually replaced with the 
intensity I = S inside the medium. This is the derivation of the formal radiative 
transfer equation and can be solved along each ray through the medium. The 
complications with radiative transfer lie in the fact that the source function is often 
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unknown in advance and depends on the outcome of the equation itself (Rybicki and 
Lightman 1979). For the forest case this is a complex scenario of absorption and 
emission. 
 
The equations governing Radiative Transfer (equations 2.10-2.16) have attenuation 
effects inbuilt inherently. Through the inclusion of an extinction coefficient a 
proportional loss of energy, equivalent to an exponential decay in power, is exhibited 
as incident waves travel through a homogeneous medium. This represents the energy 
loss that can occur even through a medium consisting of only air particles. For a wave 
transmitting through a forest canopy the extinction rate will be increased due to the 
greater attenuating factor of branches, particularly of those of similar size to the 
microwave lengths used in radar studies. Removing the branches from such a 
scenario would result in an extinction reduction meaning attenuation would 
predominantly result from the inherent energy decay associated with energy 
propagation through a medium. As the loss of energy through extinction is an 
inherent property of radiative transfer, where radiative transfer is used to model 
energy propagation through layers the attenuation is always a factor. Within RT2, the 
radiative transfer model used here, the extinction and phase matrices calculated using 
radiative transfer determine how much energy is reflected back to the receiver and 
how much is transmitted through to the next layer. All the scatterers within a layer of 
RT2 are exposed to the same power. This means that within the single layer case the 
inherent radiative transfer attenuation will not figure. The absence of attenuation 
discussed as a result of canopy removal in this thesis (Chapters 7 and 8) refers to the 
significant contribution of the canopy scatterers as a consequence of increasing 
number density within each layer of the canopy. In their absence attenuation is greatly 
reduced. Radiative transfer theory does not consider the effects of diffraction and 
interference with regards to the particle interactions and assumes no correlation 
between fields as by its nature the radiative transfer equation ignores coherent effects 
(Battaglia et al. 2010). It does however account for each scatterer through the addition 
of backscatter power incoherently (Saatchi and McDonald 1997).   
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Radiative transfer models can treat single homogeneous layers analytically and can be 
extended to include multi-scattering effects. For multi layered, multi scattering 
scenarios the solution becomes complex due to inter layer interactions that occur and 
can require an iterative approach to solve (Liang and Jin 2003). Using multi-layered 
models is particularly appropriate in forest modelling. 
 
According to (Saatchi and McDonald 1997) the validity limits for both Radiative 
Transfer theory and the Distorted Born Approximation, for use with forest backscatter 
models, are as follows. The individual scatterers in the medium must be located in the 
far zone of each other. If the source has a maximum overall dimension D that is large 
compared to the wavelength, the far-field region is commonly taken to exist at ranges 
> 2D
2
/ λ from the source, and therefore the coherent effect between scatterers is 
small. The coherent effect due to scattering between individual scatterers and the 
reflective boundary must also be small. The same approximations for solving the 
multiple scattering problems are applied for both scattering solutions. For radiative 
transfer theory this is through the small extinction length and for the Distorted Born 
Approximation through the mean field approximation. Both methods also predict the 
same number of scattering mechanisms in the backscattering coefficients as well as 
identical results for the mean backscattering cross section when the volume scattering 
from randomly positioned scatterers is considered (Smith 2000). 
 
The main differences between the two approaches are based on the presence of 
coherent scattering in the Distorted Born Approximation, specifically in the terms 
representing volume surface interactions. A particular example highlighting this 
difference is when a reflective ground surface is considered, with the scattering from  
the volume surface constructively interfering with the inverse wave. The coherent 
addition then results in a doubling of the backscatter in the Distorted Born 
Approximation but not for the Radiative Transfer solution. 
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In this work Radiative transfer theory is used to model forest interactions. The use of 
RT2 (Balzter et al. 2003b; Cookmartin et al. 2000; Knight 1997; Saich 1995; Saich et 
al. 1995), used for both crops and forests, allows a multi-layered description of the 
subject area and is ideal for use with the models used in this thesis, see Chapter 3. 
RT2 is a second-order solution to the vector radiative transfer equations as outlined in 
(Tsang et al. 1985). The formulation for the vegetation components in RT2 is 
sufficiently general to allow determination of the microwave backscatter from either 
forest stands or agricultural crops (Cookmartin et al. 1998). The RT2 model does not 
provide locations of scatterers within the defined layers but instead produces 
backscatter values using code to calculate the backscatter of individual components 
(Cookmartin et al. 1998) rather than through ray tracing techniques. As a result of this 
it is assumed that no two scatterers can occupy the same space as would potentially 
be the case for ray tracing models which require more specific location details. The 
dielectric properties of each component are calculated from its gravimetric water 
content using the empirical dual-dispersion model of (Ulaby and El-Rayes 1987). The 
soil dielectric properties are derived from its volumetric water content using the 
empirical model of (Hallikainen et al. 1985), in each case both of these are assumed 
constant while forward scatter from the soil surface is calculated using specular 
coefficients alone. Further discussion is provided in Chapter 3.4. 
 
2.2 Forest Scattering Mechanisms 
 
When considering forest scattering, single and multiple scattering events occur. The 
single scattering terms result from surface scattering from the ground, scattering from 
the trunk, and scattering from the canopy. The normalised radar cross section of the 
single scattering events can be deemed a summation of the separate contributions (Le 
Toan et al. 1992). The double scattering events associated with layer-ground 
interactions are a consequence of scattering from canopy to ground, trunk to ground, 
and multi scattering events occurring within the canopy. Each of these scattering 
events can occur in the reverse situation giving six double scattering mechanisms. 
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Similarly to the single scattering contributions the double bounce scattering 
contributions can be coherently summed to include the forward and reverse instances 
of each scattering mechanism. An overview is shown in Figure.2.1. In this thesis the 
different forest models incorporated provide different forest formations as described 
in the next chapter. The difference in these formations are such that different 
scattering mechanisms will be more dominant with each model. Using a scattering 
model that can account for as many of these mechanisms as possible is a requirement 
for this study.   
 
Figure 2.1. Dominant forest scattering mechanisms. Clockwise from top left: volume scattering from 
canopy, layer ground scattering, intra layer volume scattering, surface scattering from the ground.  
 
2.2.1 Influence of Shape 
 
Forest scattering is variable between species and locations due to the natural 
variations in shape and structure. No trees are identical but many can resemble one 
another’s characteristics. Knowing that many trees are made up of the same 
constituent factors, forest modelling can be approached assuming a generic structure 
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to represent branching elements. In modelling exercises branches are typically 
represented by cylinders (Woodhouse and Hoekman 2000), while leaves can be 
represented as discs (Ferrazzoli and Guerriero 1995) or needle like shapes (Eom and 
Fung 1986) dependent on whether coniferous or deciduous forests are modelled. 
Some studies also consider the canopy to consist of a collection of spherical scatterers 
(Attema and Ulaby 1978; Bindlish and Barros 2001; Nghiem et al. 1993). Other 
descriptions are possible but these are deemed the simplest forms. The shapes for 
modelling are chosen due to their ability to closely resemble the scattering behaviour 
exhibited by the forest as well as to mimic the structural and physical appearance. In 
both instances a consideration of naturally occurring forest shapes is desired to enable 
the shapes used within the modelling to best represent those of the canopy while not 
overcomplicating the scattering scenario. Although this aspect does not improve the 
realisation of a forest it enables the model to operate effectively without creating 
excessively complex calculations particularly if the aim is to identify specific 
backscatter trends. 
2.2.1.1 Cylindrical Scatterers 
 
For microwave remote sensing of forests the constituent scatterers can range from 
sizes smaller to larger than the incident wavelength. This particular problem of size to 
wavelength ratio was addressed by (Mie 1908) and (Debye 1909). Their theory had 
the ability to model the scattering around a sphere of any size in comparison to the 
wavelength. Due to the smaller size of the wavelength in comparison to the scattering 
particle many dipole moments were induced which could be managed individually. 
This was laid out by Rayleigh in his original proposition through the solving of 
Maxwell’s equations in the far field and then by predicting the amplitude of the 
secondary electric field, as a consequence of many dipoles, for all scattering angles.   
 
The interaction of electromagnetic waves with spherical scatterers were considered in 
(Tsang and Kong 1977) who solved the radiative transfer equations using a Mie 
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scattering phase function and have since been used to model vegetation such as in 
(Attema and Ulaby 1978).  
 
In this thesis the scattering simulations are limited to cylindrical shapes. The first 
presentation of an exact solution for the scattering of a plane wave from an infinite 
circular cylinder was published in (Wait 1955). This solution has been thoroughly 
used appearing in literature such as (Richmond 1965), (Marin 1982), and adapted for 
the finite case in (Bansal et al. 1982), (Karam and Fung 1988), (Seker and Schneider 
1988), (Sarabandi and Senior 1990), (Lang et al. 1994) and (Stiles and Sarabandi 
1996). The Rayleigh approximation can be applied to thin cylinders whose radius is 
much smaller than the wavelength. 
 
A study of particular interest concerning scatterer shape is (Karam and Fung 1988) in 
which the field solution proposed in (Wait 1955) is adapted to show the scattering 
from an arbitrarily oriented finite length cylinder. A scattering model is presented 
which represents defoliated vegetation as a collection of randomly oriented dielectric 
cylinders of finite length. For consideration with vegetation this study uses the finite 
case incorporating cylinder dimensions similar to the wavelengths of microwaves. To 
use a finite length cylinder within a scattering scenario requires an assumption that 
the internal fields induced are the same as those of a similar cylinder of infinite length 
with constant dielectric properties. 
 
2.2.2 Influence of Composition 
2.2.2.1 Dielectric Properties 
 
Dielectric properties of forest scatterers must be adequately modelled due to their 
relative backscatter influence (Shao et al. 2003). The relative dielectric permittivity 
measures the degree to which a medium resists the flow of electric charge divided by 
the degree to which free space resists such charge. The degree is defined as the ratio 
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of the electric displacement to the electric field strength. The dielectric constant can 
be written as the complex number:  
ε = ε’ – iε’’                                      (2.17) 
 
where ε’’is the imaginary part of the permittivity, which is related to the dissipation 
of energy within the medium and ε’ represents the real part related to the stored 
energy within the medium. 
 
The greater the relative dielectric permittivity of a material, the slower the radar 
energy will move through it and as such can be seen as a measurement of the ability 
of radar energy to be transmitted to depth. In GPR studies this parameter is used to 
measure velocities of propagating radar energy through different media with the 
relative dielectric permittivities of materials varying from one to another. The greatest 
factor affecting the dielectric constant is the moisture content level and the 
distribution of this throughout the material. The backscattering coefficient of radar 
will increase when incident on an increasing dielectric constant (Fung 1994). 
 
With regards to forest remote sensing the dielectric constant can vary from species to 
species and both temporally and spatially. (Salas et al. 1994) show that the dielectric 
constants of forests are strongly correlated with the water content of trunks and that 
apparent diurnal fluctuations of the dielectric constant result from the same temporal 
variations in the water potential of the area, results similarly reported in (Way et al. 
1991) and (Weber and Ustin 1991). Any lag between water potential and dielectric 
variations are also reported to be partly influenced by the structure of the tree. The 
dielectric constant of vegetation is also influenced by water variations imposed by 
atmospheric conditions. Clouds limit the incident radiation on the earth’s surface and 
so can change the surface or vegetation water content. The presence of cloud can then 
decrease or stop vegetation transpiration affecting the water potential, dielectric 
properties and therefore backscatter (Lillesand and Kiefer 1987). Water content has 
been shown to directly affect backscatter measurements in radar studies involving 
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soils, e.g. (Dobson and Ulaby 1986). In vegetation studies canopy moisture is also 
shown to have a distinct effect on backscatter measurements (McDonald et al. 1991). 
The influence of water on the dielectric constant of a tree is highly likely due to the 
large difference between the values of water, with a high dielectric constant (~ 80, 
(Davis and Annan 1989), and wood (2 to 5 at room temperature, (Laboratory. 1999). 
The existence of varying dielectric constants within a single tree, let alone within a 
forest, make the concept of dielectric properties a significant obstacle for radar forest 
modelling. This is avoided most often by assuming constant properties within all trees 
of a particular species within a medium as assumed throughout this thesis. Other 
methods adopted to mimic the dielectric properties have been to use an infinite 
medium regarded as a slab with homogeneous or fluctuating dielectric properties 
(Bush and Ulaby 1976); (Isaacs et al. 2002); (Tavakoli et al. 2002).  If a species can 
be defined by a dielectric constant then there would be problems involved with the 
species variations presented in this thesis in which a constant term is used regardless. 
However, this assumption is not detrimental due to the attention here paid to trends 
rather than absolute values of backscatter which requires the assumption that a linear 
relationship exists between species. Typical values of relative dielectric permittivity 
(RDP) for some common materials are given below in Table 2.1. 
 




Air  1 
Dry Sand  3-5 
Ice  3-4 
Granite  4-6 
Concrete  6 
Saturated Silt  10-40 
Organic Rich Soil  12 
Forested Land  12 
Saturated Sand  20-30 
Fresh Water  80 
Sea Water  81-88 
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2.3 The Influence of Scattering Regimes 
 
The interaction of microwaves with forest canopies is very complicated. If the 
interaction of each individual component of the canopy is considered then a solution 
to Maxwell's equations must be found. In addition if a twig is much smaller than the 
wavelength being used there is Rayleigh scattering, with backscatter proportional to 
the square of the volume, while if the twig is much smaller than the wavelength there 
is Optical scattering and the backscatter is proportional to the physical cross-
section. The situation is further complicated by Mie scattering in the region between 
these scattering regimes (Woodhouse 2006a) and is considered as a significant 
component in modelling in Chapter 7.4.3. The assumptions applied to the modelling 
of backscatter in this thesis consider the limiting case of cylinders with 
circumferences smaller than one tenth of a wavelength, and those much larger than 
ten wavelengths on the other and are rather crudely referred to as the limits 
corresponding to “Rayleigh” and “Optical” scattering, respectively. At the transition 
between these two regimes lies the resonant behaviour of Mie scattering and 
throughout this thesis an approximation is made that assumes an “averaging”of this 
resonance due to the cumulative effect of stem size distribution. This is supported by 
empirical results in (Lopes et al. 1991), and (Mougin et al. 1993) and is assumed to 
take on the form of Optical scattering within this region as proposed by (Crispin Jr 
and Maffett 1965), see also Figure 2.2. 
 
A major influence for the work of this thesis is the data shown in (Crispin Jr and 
Maffett 1965), Figure 2.2. In this diagram the results of Rayleigh theory and 
geometric optics are plotted to show the ratio of normalised radar cross section to the 
wavelength squared with respect to the value of the diameter of a sphere divided by 
the incident wavelength. Also plotted in this figure are the results from the exact EM 
theory. The exact solution is adequately represented by two linear equations 
representing Rayleigh scattering and Optical scattering respectively with the Optical 
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version representing an average of the EM theory. In a similar fashion to this figure 
the normalised radar cross section saturation over a forest with increasing volume can 
be assumed to consist of two parts. Linking the concept of this figure with an 
empirical example such as (Neeff et al. 2005), shown here in Figure 2.3, leads to an 
assumption that saturation effects seen in forest radar studies could be a consequence 
of structural changes. Particularly through the existence of larger stems and branching 
components as forest biomass density increases, forcing a dominant scattering regime 
change. Although the figure presented in Crispin and Maffett represents scattering 
within the resonance region where Mie scattering takes place it also serves to show 
that resonant scattering can be well approximated by geometric optics. In effect it 
suggests that radar scattering over a forest can be addressed by assuming that all 
scattering can be a product of Rayleigh or Optical scattering with Optical scattering 
independent of frequency and solely affected by the scatterer cross section. These 
assumptions are maintained throughout this thesis and are crucial to the findings of 
Chapters 5, 7 and 8 and overall.  
 
Figure 2.2. Example of EM theory backscatter including Mie scattering described by Rayleigh 
scattering and geometric optics alone for a sphere of diameter D. Taken from (Crispin Jr and Maffett 
1965). 
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Within the resonance region it is known that two or more mechanisms may combine 
in and out of phase with one another to produce the undulating effect of radar cross 
section which defines the resonance region of Mie scattering (Knott et al. 2004). For a 
sphere the mechanisms are simply the specular reflection from the front of the sphere 
and the effect of the creeping wave that circles around the shadowed side, see Figure 
2.4. If only the specular reflection is significant the radar cross section of the object is 
perfectly replicated by the physical cross section of the object (Skolnik 1970). The 
existence of this mechanism within the resonance region implies that a significant 
contribution is made by the optical description of radar cross section and in 
conjunction with the examples of (Crispin Jr and Maffett 1965) would provide 
justification for following optical theory within the resonance region for the purpose 
of this thesis. A representation of the different scattering regimes is given in Figure 
2.4. 
 
“With the exception of the few bodies for which exact solutions are available 
approximate methods appropriate in the resonance region are usually extensions of 
optics or Rayleigh techniques.”  
                                                     (Crispin Jr and Maffett 1965) 
 
Rayleigh scattering takes place when the frequency of the incident radiation is “low” 
and consequently its wavelength “long” (Kleinman 1965) and is typically apparent 
when the scattering object is described by, λπr <<2 . On a general scale the region in 
which this type of scattering occurs is the range where the wavenumber, k, for the 
scattering cross section can be expanded in a convergent series of positive integral 
powers of k, forming a Rayleigh series. It is also reasonable to assume that the 
Rayleigh region can be approximated by the first Rayleigh series term. The critical 
parameter in Rayleigh scattering is the volume of the scatterer and for spheres and 
spheroids the radar cross section is proportional to the wavenumber to the power of 4 




Figure 2.3. Backscatter saturation effect for forest biomass and total basal area. (a) Scatterplot of HH 
radar backscatter versus forest biomass. (b) Scatterplot of HH radar backscatter versus total basal area 
G. Points are distinguished by primary and secondary-growth forest, and logarithmic regression curves 
are displayed. Taken from (Neeff et al. 2005). 
 
The formulation by (Smith and Ulander 2000) based on VHF backscatter from 

















σ    (2.18) 
 
where V is stem volume within the area, rp(θ ) is the Fresnel reflection coefficient of 
the surface with θ  representing the incidence angle from normal, εr is the relative 
dielectric permittivity of the trunk, and L the attenuation. Due to the simplifications 
assumed in this thesis it is reasonable to assume that these parameters all remain 
constant within any particular run of a model aside from volume, with attenuation 
only varying within the work involving WBE branching architecture (Chapters 5 and 
6). Reflection coefficients and permittivities remain constant as defined by the models 
used, while wavenumbers are dependent on frequency choices determined prior to 
simulations. As this equation represents the backscatter for VHF radar it is a 
representation of Rayleigh scattering, hence the dependence on volume squared. 
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Assuming that all backscatter will be Rayleigh scattered in the VHF band is a result 
of the transition from Mie to Optical scattering being defined by a sphere with a 
radius of approximately 9.54m when a 6m wavelength is incident. Dimensions such 
as this do not exist in a forest environment but if the Mie region is assumed to scatter 
optically then radii of approximately 0.095m are all that are required. 
 
As the ratio of scatterer size to incident wavelength increases, or the wavelength 
reduces, Optical scattering occurs. Optical scattering can be described by either a 
physical optics or geometric optics description and is typically described by the 
relationship, λ>>πr2 . 
 
Figure 2.4. Radar cross section of a sphere as a ratio with physical cross section plotted against 2πr/λ. 
Figure represents the 3 regions of interest Rayleigh, Mie and Optical and their transitions as the sphere 
radius increases. Taken from (Knott et al. 2004). 
 
For Optical scattering, the normalised radar cross section scales with the physical 
cross-section with N representing numerical value and A the physical cross section: 
ANoptical ∝
0σ
                                                                                                        (2.19) 
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This is in accordance with the laws of geometric optics which under certain 
limitations is an acceptable simplification of the scattering formula for the physical 
optics of a cylinder. The physical optics formula for the radar cross section of a 
cylinder is shown below where k is the wavenumber, r the cylinder radius, l the 
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By taking an average value over a symmetric window of incidence angles centred at  




























= ∫              (2.21) 
As this window approaches zero the small angle approximations of cosθ =1 and     
sinθ =0 apply, and following a change of variable and subsequent integration we get 
the closed form formula for the average RCS of a cylinder around broadside, equation 
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According to the rules of the sine integral function Si(x), as the argument (x) 
approaches zero, Si(x) will tend to x.  Similarly by taking the limit of the angular 


































                           (2.23) 
Where the window tends to zero and is approximately representative of the broadside 
angle the average radar cross section is proportional to the frequency and the cylinder 
volume. But in the limit of large arguments where 2kl wθ  is large the function  
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Si( ) tends to π /2, and is known as the Dirichlet integral. Under the limits of klθw 
tending to infinity (equation (2.24)) we can write the equation for average radar cross 
section of a cylinder as in equation (2.25). This frequency invariant equation is then a 
function of the physical cross section of the cylinder in accordance with geometric 
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In the presence of a single scattering object Mie oscillations are expected, and it is 
assumed that the same behaviour, to some extent, is exhibited with a collection of 
identical stems. As such, these oscillations are not generally seen or noted in 
empirical data possibly due to the number of stems present and their size variability. 
When mono size stands are considered in this thesis, oscillations are visible in the 
radiative transfer derived data (see Figure 7.8) but when forests of various sized stems 
are considered there is a reduced oscillatory contribution. 
 
2.4 Forestry applications of SAR 
2.4.1 Synthetic Aperture Radar 
 
Synthetic Aperture Radar (SAR) is an active microwave remote sensing tool with the 
antenna and receiver co-located. SAR is side looking and captures data from a 
parallel path to the trajectory of the carrying platform. How it differs from 
conventional radar is that the actual size of the aperture used does not correspond to 
the actual size of the image it can produce. The synthetic aperture is created by 
collecting data over a target area for a known period of time as the sensor traverses 
the location. As the sensor passes over it will record multiple datasets along this 
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traverse. These collected data are then formed into a single image using the principles 
of Doppler Shift (Raney 1971) to position multi frequency data in the correct 
location. As the platform moves towards a target the scattering frequencies received 
will increase; as it moves away they will reduce. With the technical specifications of 
the system known, particularly the transmission frequency, these data can be used to 
unravel data acquired over the footprint by the synthetic aperture. This technique 
allows much larger areas to be covered in a shorter time and allows the use of small 
aperture sensors, providing benefits such as payload reductions, and a decrease in the 
size of the system required to obtain equivalent data. SAR systems exist in 
multifrequency and polarisation varieties such as RADARSAT (C-Band and HH 
polarisation), JERS-1 (L-Band and HH polarisation), and the ASAR instrument 
aboard ENVISAT (C-Band and multi-polarisation) and are used for purposes 
including topography studies, ice monitoring, disaster prediction, and forest remote 
sensing. The geometry of a typical acquisition is shown in Figure. 2.5. 
 
 
Figure 2.5. SAR acquisition geometry of system moving from centre left towards top right of figure. 
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2.4.2 How is SAR polarisation affected by forest scattering? 
 
Radar wave polarisation determines the orientation of the electromagnetic field 
energy as it propagates through a medium, this includes waves after emission or 
during reception by the radar system. Within a forest environment the contribution of 
each individual scattering mechanism can be established through polarimetric 
analysis. SAR systems have the ability to transmit and receive bistatically at many 
frequencies and in polarisation configurations including co-polarisation, cross-
polarisation and quadrature polarisation. The polarisations defining full quadrature 
polarisation are horizontal transmit and receive (HH), vertical transmit and receive 
(VV), horizontal transmit and vertical receive (HV), vertical transmit and horizontal 
receive (VH). If an object is a depolariser it will cause the original polarisation of the 
incident wave to be lost, this can refer to a change in orientation causing a 
horizontally transmitted polarisation to be scattered vertically. In radar terms this 
depolarisation can be detrimental or beneficial to a study dependent on the capability 
or system setup.   
 
In (Fung 1966) it is proved that the absolute magnitude of the backscattered 
horizontal field component obtained by transmitting a vertically polarised field is the 
same as that of the backscattered vertical field component obtained by transmitting a 
horizontally polarised field in accordance with the reciprocity theorem in 
electromagnetic theory. A forest can behave as a depolariser due to the 
inhomogeneous nature of the medium described by the canopy. When 
electromagnetic waves are scattered a fraction of the energy can be lost from the 
original orientation of the wave. If this original orientation is horizontal, when 
scattered there may be components from all orientations, inevitably resulting in a 
vertical scattering component.  Where forest canopy is used in the experimental work 
of Chapters 4 and 5 the cross polarisation state HV caused by depolarisation is used 
to take advantage of the sensitivity of this polarisation to random media. 
Depolarisation of electromagnetic waves occurs when vegetation is encountered due 
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to the induction of current in the foliage by the incident electromagnetic field. As the 
foliage is randomly oriented the resulting scattering is depolarised in comparison to 
the incident field (Swarup and Tewari 1979).  
 
In the presence of vertical stems a vertically polarised electromagnetic wave will be 
depolarised to a greater extent than a horizontally polarised wave (Tewari et al. 
1990). Similarly a horizontally polarised wave will be depolarised to a greater extent 
in the presence of horizontal branches. For these reasons polarisation can be a very 
useful aspect of radar scattering in a forest environment. This is especially so for 
determining volume scattering within the canopy layer which results in depolarisation 
and a large backscattering component orthogonal to the transmitted polarisation. A 
setup of HV or VH is particularly useful for determining canopy scattering with the 
random orientation of scatterers ensuring a large backscattering contribution 
orthogonal to the transmitted polarisation. The extra information that polarisation 
provides can be utilised to identify the contributions of different scattering 
mechanisms within the forest environment as in (Freeman and Durden 1998) who 
also hint at the potential importance of forest thinning on the resultant backscatter. 
 
Cross-polarised data will provide strong information on canopy scattering, while a 
weaker response will be caused by surface scattering or double bounce even when the 
surface is rough enough to cause multiple reflections. Strong HH or VV contributions 
are a consequence of vertically of horizontally oriented scatterers with both 
polarisation states providing stronger returns than the weak HV response would 
produce for similar structures. Chapters 7 and 8 concentrate on the like-polarisations 
due to the sole presence of vertical scatterers. The polarisations chosen to display the 





2.4.3 SAR Backscatter and Saturation Over Forests 
 
SAR backscatter in the form of normalised radar cross section has been shown to be 
directly related to forest biomass (Le Toan et al. 1992). The problem lies in the fact 
that a saturation effect occurs at an apparent incident frequency dependent biomass 
level. This saturation level will occur at higher biomass as the SAR frequency is 
reduced and the wavelength increased. This observation suggests that saturation is 
possibly dependent on scatterer size. The saturation occurrence highlights the 
importance of understanding SAR backscatter saturation curves more definitively. It 
also shows how important it is that developments continue in the fields of polarimetry 
and interferometry in order to remove the inherent inaccuracies associated with 
biomass estimation and backscatter saturation. 
 
Prior to the development of radar interferometry as a technique for modelling forest 
structure, remotely sensed biomass was mainly derived from the power of the 
microwave returns (Imhoff 1995a; Le Toan et al. 1992). Estimates of biomass and 
tree height using this technique were obtained from the backscattering coefficient; an 
example of this process is shown in (Ballester-Berman 2005; Bouman 1991) in the 
study of crops, and.(Dobson et al. 1992; Hussin et al. 1991; Imhoff 1995b; Le Toan et 
al. 1992) for forests. Difficulties in the application of this method were apparent when 
it came to larger scale biomass estimates with typical volume saturation occurring 
when biomass levels were of greater than approximately 150ton/ha at the lowest 
microwave frequencies, typically P (Imhoff 1995a), or less for  L-Band (Dobson et al. 
1992). Work regarding forest backscatter saturation is largely conducted using the 
explanation provided in (Dobson et al. 1995) with the cause said to be the relative 
opaqueness of the canopy to the frequency of incident wave. An example of the 
saturation effect is shown in Figure. 2.6. 
 
(Imhoff 1995b) states that many studies show correlation between radar backscatter 
and forest parameters. These include height, age, basal area, and biomass. Imhoff 
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poses the question “How universal is the phenomenon of SAR backscatter saturation 
with respect to biomass?”. The work includes the use of heterogeneous and 
monospecies forests with the age of stands varied. Results showed that the 
polarimetric differences between these forest types supported reports of techniques 
using SAR to distinguish between coniferous and broadleaf forests (Imhoff 1995b). 
Figure. 2.6 highlights the nature of the saturation curve and how saturation varies for 
different structures under different polarisations.  
 
The explanation of the saturation curve can usually be disseminated by stating that 
the forest becomes more opaque the thicker it is. For example (Martinez et al. 2000) 
attribute backscatter saturation to a higher number of scatterers. This explanation 
would suffice if a forest consisted of a series of continually homogeneous layers but, 
as nature shows, the general geometry of trees is to have few large elements at the 
bottom and more numerous small elements at the top. The idea of opaqueness as the 
sole cause appears less feasible when this is considered. The saturation curve is most 
dependent on frequency, and therefore the wavelength incident on the canopy. Within 
the microwave bands used for forest imagery different amounts of scattering from 
each regime will take place dependent on the frequency and the size of the scatterers 
which within a canopy could range from mm to m scales. It is therefore legitimate to 
hypothesise that the saturation curve is affected by the nature of the scattering within 
the canopy (see Chapter 2.3) and in particular its reliance on the dominant scattering 
level, within the vertical profile of the canopy. 
 
The saturation curve is explored further in (Imhoff 1995a) by investigating the 
relationship between surface area and volume with regards to backscatter. A 
particular statement refers to an often recalled assumption about forest backscatter, 
“If SAR backscatter is solely responding to the total volume, therefore biomass, of 
vegetation in a stand, then structural differences are irrelevant”. Several works have 
contradicted this statement and shown structure to be particularly important including 
Imhoff himself (Beaudoin et al. 1994; Castel et al. 2002; Imhoff 1995b; Rignot et al. 
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1994; Woodhouse 2006b). The association (Martinez et al. 2000) make between 
backscatter saturation and the higher number of scatterers would be sufficient for an 
attenuation centred explanation. If attenuation were ignored it would no longer hold. 
In Martinez’s work graphical displays of the backscatter coefficient with respect to 
distance above the ground are presented for like and cross polarised X-band 
microwaves with a distinctive feature being the peak response of backscatter 
coefficient, evident for each polarisation and seen higher in the canopy for older 
stands. This, as predicted by (Woodhouse 2006b) is possibly the result of scattering 
regime transition from Rayleigh to Optical. As Woodhouse predicts, for the ideal pipe 
model (Fransson et al. 2000b; Shinozaki et al. 1964), saturation occurs at lower 
biomass levels for older stands with reduced stem number density. Due to the 
additional growth vertically in the stem, the transition region moves away from the 
ground and particularly for the higher microwave frequencies the contribution from 
layers closer to the ground will contribute less to the total backscatter due to their 
increasing size with age. 
 
 
Figure 2.6. Calibrated SAR backscatter plotted against total above ground dry biomass for broadleaf 
evergreen forests in Hawaii and conifer stands in North Carolina and France at C-Band multiple 
polarisations. Taken from (Imhoff 1995a). 
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Saturation has not been proved in the literature to occur at all frequencies. When VHF 
band is used, the corresponding wavelengths are between approximately 3 and 15m. 
Branching elements will therefore have smaller diameter ratios to the size of the 
wavelength throughout and as a consequence the contribution to scattering will be 
dominated by the Rayleigh regime. The larger elements deeper in the canopy will be 
the dominant scatterers. This thesis approaches this scenario by suggesting that the 
macroecological conditions must fit particular criteria in order for saturation to be 
measured according to the nature of Rayleigh and Optical scattering. 
 
In (Fransson et al. 2000b), in which relationships between VHF band backscatter and 
forest parameter relationships were investigated, no backscatter signal “saturation” 
was seen up to the maximum volume of the forest, this being a biomass level of 375 
tons/ha. This is in stark contrast to the biomass saturation limits of P-band known to 
exist between 100-200 tons/ha. With the sensitivity to stems that VHF band 
possesses, it would appear that two possibilities exist for why saturation is avoided, 
either due to its lack of consideration of smaller branching elements and their 
attenuating effects, or possibly due to the structure of the forest reducing the impact 
of a scattering regime transition from Rayleigh to Optical and is a scenario that is 
explored in Chapters 7 and 8.  
 
Observations of forest remote sensing using low frequencies only allow postulations 
as to the effect of Rayleigh and Optical scattering when regime change occurs. This is 
due to the lack of feasible comparison studies. With other frequencies much 
backscatter data are available and different levels of saturation have been assumed, 
(for comparison see (Patenaude et al. 2005)). As with all microwave frequencies it is 
assumed in this thesis that if the scatterers are allowed to grow large enough to scatter 
in a non Rayleigh manner then saturation is possible regardless of canopy density due 
to the relationships exhibited in Figure 2.4 in Chapter 2.3 . If saturation is not 
dependent on canopy opacity then a reduction in number density would not 
necessarily remove the possibility of saturation as shown in (Woodhouse 2006b). 
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Results such as this cast doubt on the typical saturation explanations with the work of 
this thesis aiming to further emphasise this doubt. When transition from Rayleigh 
scattering occurs, with the forest as a whole, the level of backscatter per unit volume 
increase is known to reduce greatly with this transition assumed from the increasing 
biomass of the forest. This is shown in backscatter to biomass curves as in Figure 2.6 
for C Band where only very low volumes scatter in a Rayleigh manner. Other 
examples such as in (Santos et al. 2003) provide data exhibiting more gradual 
changes in the rate of backscatter per unit volume as is common with longer 
wavelength SAR data.  
 
 “It is important that we understand what effect stand-level canopy structure has on 
SAR backscatter. The lack of such knowledge has impeded an explanation, in real 
physical terms, of the mechanism by which SAR backscatter is positively correlated 
with biomass”.  
















































3 Modelling Methods 
 
In this thesis all novel work relies upon modelling in some capacity. The models used 
consist of forest growth models, models of backscatter prediction and models of 
radiative transfer. Although the fact that this thesis relies primarily on modelled data 
limits the applicability of the findings to real world situations, the theories presented 
are tested thoroughly in the modelling environment. This allows the findings to be 
reported with sufficient confidence and results to be presented at a publishable level. 
Where possible all model results have been compared with empirical examples with 
appropriate reference in the text. This chapter provides descriptions and evidence for 
the appropriate use of each model featured in this thesis and the justifications for their 
use in particular situations.  
 
3.1 The WBE Model  
 
The WBE Model (West et al. 1997) is a model that serves to explain the origin of the 
¾ power scaling rules displayed by living organisms across many functions. The 
working theory of WBE is that allometric scaling relations, including the ¾ power 
law for metabolic rates, are characteristic of all organisms. It describes how essential 
materials are transported through space-filling fractal networks of branching tubes. It 
also assumes that energy dissipated is minimised and that terminal tubes do not vary 
with body size. A more general description of the model is that it predicts structural 
and functional properties of plant vascular systems making it of particular interest to 
forest modelling. With its roots in a macroecological approach to explaining the 
origin of allometric scaling laws the WBE model was also modified to describe plants 
with branching architectures. 
 
As shown in equation (1.1) it is stated how the dependence of a biological variable Y 
on body mass M is typically characterised by an allometric scaling law where b is the 
scaling exponent and Y0 a constant that is characteristic of the organism. These 
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relations have been shown to reflect geometric constraints, indicating that b should be 
a simple multiple of 1/3 but according to the WBE model, and the work of (Peters 
and Wassenberg 1983) and (Niklas 1994), most biological phenomena scale as ¼ 
rather than 1/3 powers of body mass. As an example the cross-sectional areas of tree 
trunks scale to M
¾
. It is the purpose of the WBE model to offer an origin of these 
laws. The proposition is that a common mechanism underlies these laws and so the 
WBE model is presented as a quantitative model explaining the origin and ubiquity of 
quarter power scaling.  
 
The model predicts essential features of transport systems based on three unifying 
principles. Firstly, for the network to supply the entire volume of the organism a 
space-filling fractal-like branching pattern is required, similar to that described by 
(Mandelbrot 1977). Secondly, the final branch of the network must be size invariant. 
Thirdly, the energy required to distribute resources is minimised; directly related to 
the minimisation of the system’s total hydrodynamic resistance. The distribution 
system, for the most part, can be described as branching networks in which the sizes 
of tubes regularly decrease. In vascular plants this process is similar to the pipe model 
(Shinozaki et al. 1964) and is thought that biological species exhibit essentially the 
same scaling laws. It is this theory that is presented mathematically by WBE. 
According to (West et al. 1997) the ¾ power scaling law arises in the simple case of 
the classic rigid-pipe model, where branching is assumed to be area-preserving.  
 
The WBE model attempts to understand the full allometric scaling of organisms, by 
formulating an integrated model for the entire system. The model provides a 
theoretical, mechanistic basis for understanding the central role of body size in all 
aspects of biology. Given the need to redesign the entire system whenever body size 
changes, small deviations from ¼ power scaling are thought to sometimes occur, as 
shown in (Peters and Wassenberg 1983). However, when body sizes vary over many 
orders of magnitude, these scaling laws are obeyed with remarkable precision.  
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The work of West, Brown and Enquist (Enquist et al. 1998a; Enquist and Niklas 
2001; West et al. 1997, 1999b) are major influences for the work carried out for this 
thesis. Its biological basis and the mathematical arguments to reinforce the theories 
makes it an ideal starting point for developing methods for use in remote sensing 
collaboration. In these referenced works the key macroecological considerations for 
plant communities are discussed. From a forest macroecology point of view these 
works provide important information regarding the relevance of the use of the model 
in forest studies. In (Enquist et al. 1998a) the ¼ power scaling relationship was used 
to develop a further mechanistic model for describing the relationships between 
density and mass in resource-limited plants. The model implies that fundamental 
constraints on metabolic rate are reflected in the scaling of population density and 
other ecological and evolutionary phenomena, including the finding that resource 
allocation among species in ecosystems is independent of body size; a significant 
factor in affecting remote sensing measurements as discussed within the work of this 
thesis.  
 
According to WBE, when the dry mass of the average plant in mature populations is 
plotted against the maximum plant density there is a distinct upper boundary 
traditionally characterised by a power law with an exponent of -3/2 (Yoda 1963). This 
thinning law has been shown to hold for plants in both single and mixed species 
stands and over a range magnitude orders. The fact that a plant fills a volume and 
covers an area has suggested a simple explanation for the -3/2 thinning law. WBE 
also addresses the relationships between maximal population density and average 
plant mass in ecological communities. The assumptions made are that sessile plants 
compete for spatially limited resources, their rate of resource use scales as M 
¾
, and 
plants grow until they are limited by resources. So the maximum number of 
individuals that can be supported is related to the rate of resource supply and the 
average rate of individual resource use. At equilibrium in any given environment 
resource supply is constant so the maximum number of individuals supported is said 
to be proportional to M 
-3/4
.   
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The macroecological implications of WBE are significant in challenging widely held 
beliefs. WBE does not predict aspects such as the thinning trajectories of trees but it 
does predict that the rate of resource use per unit area varies among plant 
communities with differences in resource supply but essentially not as a result of 
plant size.  
 
3.1.1 Application of WBE Model to Forest Remote Sensing 
 
 
Despite some important limitations this model has some key advantages that make it 
an appropriate first-order linkage between simple backscatter modelling and models 
of biological function. In particular, it allows sufficient generalisation of plant 
structure so that it can be used with radiative transfer models that describe the 
interaction of microwaves with forest canopies such as RT2 (Anderson 2000; Attema 
and Ulaby 1978; Imhoff 1995b), see also Chapter 3.4. The important aspect of the 
WBE model is that it links plant branch structure to plant function and total standing 
biomass which is an important qualification for answering questions posed in this 
thesis. In (Enquist et al. 1998a), this same approach was employed to model the 
structure of plant populations and communities, resulting in a resource-based thinning 
law that predicts the scaling of populations. The methods involving the WBE model 
here were first used in (Woodhouse 2006b) with similar equations and justifications 
reproduced in the following section. 
 
The WBE model is a generic scaling model that describes the relationship of the size 
and number densities of branch elements with the aim of explaining the origin of 
allometric scaling laws. General scaling principles are evident in tree architecture 
with branch sizes decreasing with branching generation, for instance, and as branch 
elements become smaller with increasing height into the canopy they become more 
numerous. This fractal-like nature of trees has already been utilized by some authors 
as input to a backscatter model using an L-system approach (Lin and Sarabandi 
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1999a, b). However the L-system model is a mathematical characterisation of 
particular trees and is not a general description of tree structure, whereas the WBE 
model is based on consideration of biological principles of resource distribution 
through a branching network and results in a space-filling rather than fractal network. 
The WBE model is not designed to describe the properties of any individual tree, or 
tree species, but describes “tree-like” branching resulting as a consequence of the 
underlying biophysical constraints of fluid flow and rigidity. In the current context, 
the fact that it is a generalised description of tree structure maintains a level of 
simplicity that is in keeping with the spirit of the Water Cloud Model (Attema and 
Ulaby 1978). 
 
This thesis does not attempt to evaluate the validity, or otherwise, of this model but 
simply to use the allometric scalings it provides as a means of exploring the expected 
backscatter responses of “generalised” forests. The WBE model does not describe the 
size and shape of leaves directly, with the closest parameter being that of the leaf 
petiole radius. Due to the progression in growth by discrete steps the model is not 
well-suited for describing continual tree growth, but is designed to describe climax 
forests and those that are at, or near, equilibrium with regards to availability and use 
of resources. This relationship is expected to hold when all available space is 
occupied and the rate of resource use equals the rate of resource supply. The key 
impact of such assumptions, however, is on the resulting predictions about the 
biological processes, which remain debatable. In this study the impact of such 
assumptions are minimised by considering a range of empirical values of the key 
variables, rather than relying solely on those preferred by (West et al. 1997). 
 
3.1.2 Allometric Predictions 
 
Part of the contention of the WBE model stems from the original authors’ claim that 
the special case of a=1 (describing the area-preserving “pipe model” (Shinozaki et al. 
1964)) has unique significance, as a result the model has been known to make global 
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generalizations that are not generally accepted within the ecological community. In 
this thesis such debatable points are avoided by considering variables over a range of 
values implied by empirical evidence to assess the applicability of the trends related 
to the pipe model.  
 
The WBE model characterises geometric plant structure through power laws derived 
from biological and biomechanical considerations of resource distribution within the 
plant (Enquist et al. 1999; Enquist et al. 1998a; Enquist et al. 1998b; West et al. 1997, 
1999b). It is used for its relative simplicity but also for its clear advantages over the 
standard random volume over ground model (RVoG) (Treuhaft and Siqueira 2000).   
 
The model uses five variables to describe the size and number of branch elements of a 
tree: (1) a scaling factor, a, determining how radii of branches change, or scale, 
within the plant;  
lk∝ rk2/3a                                    (3.1) 
 
with l representing the branch length, r the radius, a the scaling factor, and k the 
branch level. (2) the branching ratio, n, the number of daughter branches derived from 
one parent; (3) the length-to-radius constant of proportionality, m; (4) radius of leaf 
petiole, rN; and (5) number of branching levels N. In actual trees, all five of these 
parameters lie within a small range of values, (see Appendix 1 Chapter 12.1), and are 
likely species-specific. In broadleaf species N is likely to be related to the tree age and 
is the only variable that would normally change over time. Significantly in this thesis 
a range of values are experimented with in a similar manner to (Woodhouse 2006b) to 
avoid the restrictions and criticisms that (Kozlowski and Konarzewski 2004) 
associated with the WBE model. The values are influenced by allometric studies such 
as (Zianis and Mencuccini 2004).  
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Figure 3.1. Representation of main parameters in WBE model: scaling factor a, branching ratio n, 
branching level k, total number of branching levels for particular tree, N. 
 
The WBE branching network runs from the trunk (level 0) to the leaf petiole (level N) 
(see Figure 3.1) with an arbitrary level in the plant branching network denoted by k. 
Note, however, that we might expect biomechanical properties of tilted branches in 
the canopy to differ from a vertical stem. The value of n is typically 2 for broadleaf 
(decurrent) species, and larger (up to 5 or more) for conifers (excurrent). Within 
empirical studies, and specifically within the literature on modelling radar 
backscatter, the value of a ranges from 2/3 to 4/3, with values occurring out with this 
range very rarely, and are usually associated with stem allometry (Woodhouse 2006b; 
Zianis and Mencuccini 2004). For excurrent trees, the value for a in the branching 
structure is often approximately 2/3, representing geometric similitude, but stems can 
be better represented by some value greater than 7/6, similar to the case of stress 
similarity related to a = 4/3. Note that a value of a=2/3 coincides with a geometric 
similitude model of plant structure, consistent with many observations of conifers 
(Niklas 1994), but not dicots, which are more appropriately described by the elastic 
similarity model, a≈1.  Values of a >1 for stems are also suggested by other empirical 
data (Zianis and Mencuccini 2004). When the scaling factor is a=1, this describes the 
special case of the area-preserving “pipe model” (Shinozaki et al. 1964), whereby the 
plant is described by a tightly packed pipe bundle.  
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3.1.3 Relating WBE to Biomass 
 
Allometric relationships for individual tree height to trunk volume are commonly 
used to determine trunk volume or biomass (Baker and Luckman 1999; Imhoff 
1995b) whereby the volume, or biomass, of each tree trunk scales as: 
 
br lrM V 00
2
0 ∝∝∝                              (3.2) 
 
Here the original DBH and tree height have been replaced with r0 and l0 to coincide 
with the general model. The use of the exponent on the stem radius rephrases the 
equation as a standard allometric relationship (since stem height is often inferred from 
DBH). The constant of proportionality (not shown) usually incorporates a species-
dependent shape factor. From summation over the branching levels in the WBE 
model it can be shown that for large N, the mean mass of a tree is given by: 
 





+∝∝                             (3.3) 
 
3.1.4 WBE Prediction for Populations 
 
Due to resource limits as plants in a population grow larger, a given area can support 
fewer of them, with a forest carrying out self-thinning as a result of competition. 
When considering measurements at the population level, an additional “thinning 
factor” must therefore be included to describe the depletion of tree density with stand 
age (Enquist and Niklas 2001), (Baker and Luckman 1999). An estimate has been 
derived by (Enquist et al. 1998a) using the WBE model to consider the resource use 
as a function of plant size and from this predict that the maximum total number of 
individuals scales as the power of the body mass , which is in good agreement with 
many data (Enquist and Niklas 2001). This relationship is expected to hold for the 
intraspecific case i.e., for a forest observed over time in populations of single species, 
among growing individuals subject to density-dependent mortality. We assume here 
that it is also a good approximation of the interspecific case of scaling of plant size 
and number across stands of species that differ in average size at maturity. 
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Biomechanical and allometric theory also predicts that the mean plant mass is 
proportional to the stem radius r0 to the power of some factor. The WBE provides the 





+−∝∝                  (3.4)  
 
When a=1, Nmax would be inversely proportional to the basal area due to the negative 
two exponent. Despite global variations in tree densities and biomass the exponent of 
the size-frequency distribution of individual forest communities around the globe 
appears to lie mostly within d values of 1.5 to 2.5, with forests at high latitude being 
the general exception, with exponents approaching 0.5 (Enquist and Niklas 2001). In 
this thesis, the number density is generalised to:  
drN −∝ 0max                                                      (3.5) 
 
 With d the “thinning exponent.”. d=0, corresponds to constant number density (i.e., 
no thinning), whereas a value of d=3 corresponds to a high rate of stem mortality 
(Coomes et al. 2003). Many radar studies report that number densities within a forest 
decrease with increasing biomass (or age) (Baker et al. 1994; Le Toan et al. 1992) 
although variations in number densities are often not explicitly given. In (Ferrazzoli 
and Guerriero 1995) both a conifer and deciduous scheme have number densities 
described by d=2. Other values reported include d=1.9 and d=1.1 (Baker et al. 1994), 
and (Quiñones and Hoekman 2004). This definition of thinning is used in Chapters 5 
and 6 where the full WBE model is used but also in Chapter 7 where the Matchstick 
Model, described in Chapter 3.3, is used. 
 
3.1.5 WBE Height and Biomass 
 
For individual tree height, h, the WBE model predicts a power relationship with mean 
plant biomass such that: 
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13 += amhM                    (3.6) 
 
where M  is the mean plant mass, m is the constant of proportionality related to the 
scaling factor of length to breadth of a branch (and incorporating the wood density), 
and a is the scaling parameter that determines how the size of the branches change. 
However, what is required in this thesis is a relationship between height and biomass 
density, rather than tree biomass so using Nmax as the area density gives a biomass 
density M, as: 
maxNMM ∝                   (3.7) 
 
 so that: 
αhhM daa =∝ −+ 2/)326(                  (3.8) 
 
With α representing the height exponent which varies from approximately 0 to 4 
within the range of a and d values used in this thesis. The majority of variation in this 
exponent is due to a sensitivity in the thinning exponent and not the species related 
scaling factor. For expected values of d=1.5 to d=2 values predicted for α in remote 
sensing literature have been shown to be 1.3 (Baker et al. 1994), 1.5 (Quiñones and 
Hoekman 2004); (Kasischke et al. 1995; Mette et al. 2002), 1.76 (Mette et al. 2002), 
2.0 (Mette et al. 2003), and 2.17 (Askne et al. 1997).  
 
3.2 The SERA Model 
SERA (Hammond and Niklas 2009) is a forest growth model which accurately 
reproduces the community dynamics of a collection of trees competing for light and 
space. It is used as the forest growth model in Chapters 4 and 8. According to 
(Enquist et al. 1998a) a variety of plant ensembles are observed to “self-thin” in 
accordance with same or very similar scaling exponents. SERA was designed to 
incorporate, as a major function, this self management technique as it evaluates how 
 65 
different species compete in a world space in which the physical attributes, such as 
the direction and intensity of incident sunlight are defined. Within SERA each plant is 
intentionally simplified to consist of a single photosynthetic surface elevated by a 
single stem. Similar concepts have been explored in (Niklas 2000) and (Chave 1999). 
Where some models represent the canopy as a flat disc, SERA treats each canopy as a 
hemisphere of uniform thickness. The angle of solar incidence on the forest is time 
averaged within the construct of the model to be 0 degrees such that the projected 
area of the canopy is the total photosynthetic area. This is an accurate description for 
tropical forests but is less representative of the light captured by boreal forests but is a 
simplified description of how trees acquire light from vertically above within a forest 
environment rather than from the sides. 
 
 
Figure 3.2. Bivariate comparisons among observed size-dependent trends (in 5-yr intervals) in an 
Abies alba population (denoted by o) and those predicted by SERA emulating normal reproductive 
effort and three times normal effort (x and +, respectively). H represents tree height (m), and Ms 
represents stem mass (kg). Arrow represents maturity onset. Taken from (Hammond and Niklas 2009). 
 
To generate a single species within SERA six scaling exponents are required. These 
scaling exponents are the photosynthetic growth exponent, young canopy mass 
exponent, mature canopy mass exponent, stem mass exponent, stem diameter 
exponent, and young stem height exponent. The relationships that govern allocation 
of stem mass to stem diameter and height allow a transition in allometry from 
geometric self similarity to geometric non-similarity. Unlike WBE, SERA allows this 
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scaling exponent to change within the lifetime of a stem with a change in scaling 
found empirically to occur around the onset of maturity. Data from the original SERA 
paper (Hammond and Niklas 2009) is shown in Figure 3.2 and Table 3.1 and show 
the accuracy to which SERA replicates natural behaviour. 
 
SERA consistently predicts plant life-span to scale as the ¼ power of body mass in a 
similar manner to WBE, a scaling relationship that has been reported for diverse plant 
species (Marbà et al. 2007). A number of naturally occurring scaling relationships 
also emerge as the direct result of competition for light and space. Many of the 
scaling relationships predicted by SERA also emerge from WBE suggesting that the 
empirically verified SERA and mathematical explanations for scaling relationships 
such as WBE have conceptual common ground.  
 
Table 3.1. Comparisons between observed and predicted scaling exponents (α and 95% CIs) for 
observed and predicted scaling relationships of Abies alba, generalised conifer and angiosperm 
populations. GT(kg/yr), MT(kg), GS(kg/yr), GL(kg/yr), ML(kg), MS (kg), D(m), and H(m). G represents 
growth per year, M mass, D diameter, and H height. Subscript T denotes “total”, L represents “leaf”, S 
represents “stem”. Taken from (Hammond and Niklas 2009). 
 
 
Within SERA the growth of plants is uninhibited but when plants violate physical 
laws the result is death. Mortality also results from light deprivation or stochastic/ 
age-dependent processes. By adhering to these rules the generated forests follow 
empirical trends of “self-thinning”. The SERA model, being fully independent, was 
assessed biologically by comparing the ensemble behaviour of predicted against 
observed species for which sufficient empirical data existed. The world wide 
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compendium for forestry data compiled by (Cannell 1982) was initially used to 
identify long term studies of monospecific ensembles, with the most useful data set 
being a single Abies Alba population documented every 5 years for 95 years starting 
10 years after planting (Cantiana 1974); (Hellrigl 1974). The (Cannell 1982) dataset 
was then used to characterise 332 angiosperm and 343 conifer communities to 
emulate the dynamics of “generalised” populations.  
 
SERA possesses the ability to vary light intensity within the world space, to plant 
various species at user defined locations, and to vary the distribution space. In this 
thesis all available options are used in order to investigate the resulting variations in 
forest parameters and to observe backscatter. The user defined simulation parameters 
of SERA include, world size, starting population, maximum population, and 
maximum number of cycles. Additionally the species composition of the original 
plantings is preselected at the commencement of the program. A full description of 
Abies Alba, Cryptomeria, Generic Angiosperm and Generic Gymnosperm is given in 
Appendix 2 Chapter 12.2. The default values of SERA provide initial inputs 
regarding the desired environment and also prevent two plants from occupying the 
same space, for plants to grow partially outside the world space, and for Euler-
Greenhill scaling to be violated. The stochastic nature of reproduction and success 
means that no two forests will be identical but will tend to optimum conditions due to 
the limits of resource and space. Appendix 4 of Chapter 12.4 shows how SERA can 
also be used to determine the vertical distribution of biomass within a multi age forest 
canopy. 
 
Because of their grounding in allometric principles, WBE and SERA continually 
replicate the behaviour exhibited by trees in nature. Where the two models differ 
significantly is their application. The WBE model is fractal-like, making it an ideal 
descriptive tool for generating a single multi layer tree, while SERA can successfully 
predict the stem growth of a tree as well as model community growth. The main 
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allometric linkages that exist in SERA lie with the stem growth, the canopy of SERA 
serving as a means of collecting light without featuring branching architecture. 
 
 
Figure 3.3 Angiosperm forest horizontal and bottom-up representation. Glimpses at 0, 25, 50, 75 and 
100 years over 1ha.. Purple represents stems, darkness of green represents shading level. Blue indicates 
zero canopy cover. 
 
The modelling undertaken within this thesis employs both models but independently.  
Despite limitations the WBE model has key advantages. The WBE model is 
generically based on biomechanical constraints and resource distribution and the 
generic nature allows it to adequately describe “tree-like” branching constrained by 
fluid flow and rigidity (unlike fractal scaling models), but as a consequence of its 
generic nature it is not well suited to describing properties of a particular tree species. 
WBE characterises the geometric structure of a plant through power laws derived 
from biological and biomechanical considerations of resource distribution within the 
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plant. It is used for its relative simplicity but also for its clear advantages over models 
such as RVoG (Treuhaft and Siqueira 2000) for representing structure. Being a fully 
developed and interactive model, SERA, is a more appropriate method for modelling 
specific forests than WBE. SERA’s appropriateness lies in its ability to accurately 
model single trees as well as simulate population dynamics through community 
growth, regrowth and mortality. SERA is unable to model the branching structure of 
canopies and in this sense WBE is advantageous and essential for the studies in this 
thesis concerning vertical structure but where SERA is most appropriate is in 
describing the relationships between forest height and volume, see Chapter 4, and for 
providing heterogeneous forests for long microwave SAR studies, see Chapter 8.  
 
The visual capabilities of SERA are shown in Figure 3.3 where an Angiosperm forest 
growing over a 100 year period is visualised in 25 year increments. Not only does it 
provide location details but as can be seen in the figure the varying degrees of canopy 
shading are shown through the brightness of the canopy colour.  
 
 
3.3 The Matchstick Model 
 
Simple, single layer models of microwave scattering from a forest have typically 
treated the target surface as either a dielectric slab with constant properties suspended 
above the ground (Bush and Ulaby 1976) or a layer of sparsely distributed identical 
dielectric scatterers. These scatterers can be spheres, as in the Water Cloud Model 
(Attema and Ulaby 1978), or random  cylinders (Peake 1959) which may be 
randomly oriented like the RVoG model, (Papathanassiou and Cloude 2001), (Mette 
et al. 2004a) or with a systematic orientation (Treuhaft et al. 1996), (Smith et al. 
2002). These models share one important common feature in that none of them 
considers the change in number density of tree stems associated with biomass 




Figure 3.4. Representation of collection of cylinders in four forest settings. Area is schematic 
representation. From top to bottom d=-2, d=0, d=1 and d=2 representing various thinning regimes. 
Where d is positive the progression from left to right can represent a single stand changing over time or 
simply the state of four neighbouring plots at any one time. When d is negative the progression can not 
be considered with respect to time but can represent neighbouring stands, shown here with no stem 
size variation.  
 
Remaining within the tradition of simple, single-layered models, a model based on a 
single layer of stems is described. Here called the ‘Matchstick Model’. It is an 
oriented layer of cylinders and as such the model is most suited to P-band 
wavelengths or longer. The stems are identical and always (near) vertical, and do not 
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account for tapering. The forest biomass is assumed to be directly related to the total 
volume of the cylinders in a similar fashion to the relationships explored in (Fang et 
al. 1998) in which a simple linear relationship between stand biomass and volume is 
shown to exist for all the main forest types in China. In that work a direct relationship 
was also established between stem volume and biomass shown to slightly 
underestimate biomass. Similar relationships are used in (Valentine et al. 1984) and 
documented in (Philip 1994), while (Le Toan et al. 1992) states the link between stem 
volume and biomass within the context of a radar survey. Changes in area biomass 
are therefore a result of changes in cylinder size and number density. The primary 
purpose of the Matchstick Model is to explore trends in backscatter associated with 
biomass changes rather than simulate absolute values. A visual representation of the 
model is demonstrated in Figure 3.4 with d indicating the thinning parameter as 
introduced in equation (3.5) of Chapter 3.1.4. 
 
The following sections describe how we can characterise the changes in stem size and 
number density using general macroecology principles which define the model. When 
using the Matchstick Model the modelled scenario is that of a developing forest. 
Although it can be assumed that the data points represent a single hectare forest 
changing over time as in the cases of d=2, d=1, and d=0, they can just as easily refer 
to neighbouring hectare plots at differing stages of growth within a large forest or 
plantation as for all cases featured in Figure 3.4, including d=-2. This is particularly 
relevant in an expanding forest where a plot of new growth would mimic the 
characteristics of early stage forest. Modelling a single stand across a number of years 
does not account for variations that may exist in terms of ground conditions and other 
environmental factors that may directly affect the growth of the forest, but in spite of 
this, this method allows a direct analysis of the effect of size and number distribution 
on the trends of backscatter return. This method of forest modelling is therefore 
directly relevant to studies presented in the literature as the acquisition of a wide 
range of biomass values to enable scientific analysis involves the survey of forest 
stands of varying stages of growth. It is particularly true within monospecies stands in 
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which the allometry of individual trees is assumed to vary very little and resource 
levels to remain fairly consistent within neighbouring stands.  
 
3.3.1 Individual Stem Characteristics 
 
When the Matchstick Model is used in this thesis in Chpater 7 the variables that 
determine individual stem sizes are (1) a scaling factor, a, which determines 
proportional change of cylinder shape to cylinder size, (West et al. 1997), 
(Woodhouse 2006b) as defined in equation (3.1) and (2) the length-to-radius constant 
of proportionality, m, so that: 
l= mr
2/(3a)
 .                          (3.9) 
 
This allometric formulation utilises biomechanical constraints that predict some 
optimal relationship between l and r in the same manner as the WBE model. 
Decurrent trees (most broadleafed species) are appropriately described by the elastic 
similarity model, a = 1, whereas a =2/3 is the value that represents geometric 
similitude, l∝ r, which (Niklas 1994) reports is consistent with many observations of 
excurrent species (most conifers). Empirical data suggests that stems have often been 
better represented by some value greater than a = 7/6, similar to the case of stress 
similarity, a condition related to a = 4/3. The constant of proportionality, m, is more 
diverse than observed values of a.  Reported values range from approximately 5 to 
163 in the dataset of (Cannell 1982) which includes 675 forest communities.  
 
3.3.2 Stem Number Densities (Populations) 
 
In radar measurements it is not usually possible to measure individual trees. The 
Matchstick Model therefore incorporates variability in both stem size, and stem 
number density within a population. In the current work we only consider populations 
of identical stems so that variability of biomass per unit area is governed only by 
variability in size and number. This is a good representation of managed 
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monocultures, but also a reasonable model for many single species forest areas 
(Christensen and Emborg 1996).  
 
In any forest biome, the number of trees of a given size is limited by the available 
resources, and the balance between new growth and tree mortality (including 
herbivory and fire).  These may vary both spatially and temporally.  In the Matchstick 
Model the relationship between the size (radius, r) and number of trees, N, can be 
characterised by the  thinning factor, d, such that: 
drN −∝                                                                                                                   (3.10) 
  
Thinning in the Matchstick Model is related to the radial increases in the stem 





.pdens                                                                                                    (3.11) 
 
Where subscript k represents an incremental increase in radius from the initial radius 
value associated with 0. This zero value is related to the WBE model as it represents 
the petiole radius when WBE is used to implement size as described in Chapter 3.1 
but also later in its use in Chapter 5 (See also (Woodhouse 2006b)).  The variable 
pdens simply represents the initial planting density of the forest. 
 
Although called a “thinning factor” it need not apply only to the change in a 
population over time (or a spatial surrogate, as in different aged managed stand) – we 
use it here as a general description of the size-number relationship. Figure 3.4 
visually describes the impact of d and demonstrates the relationship between size, 
number density and volume. The typical range of d observed globally (Niklas et al. 
2003) is shown.  When d=0, N is constant and total volume increases linearly with 
the volume of each stem. This is typical of young, actively growing forest (such as 
regeneration) where trees have yet to utilize all available resources, and tree mortality 
is near zero. When d=2, there is a dramatic decrease in N. The total volume still 




) while stem height increases. This is typical of many forests, especially in the 
tropics, or in managed forests where thinning has been applied in order to maintain 
basal area.  It is exactly this dramatic change in structure associated with increasing 
area volume that the Matchstick Model tries to characterise (and is not incorporated 
into other simple single layer models). For d=-2 (relating number increases and 
neglecting corresponding radius increases) the cylinders are identical; increasing 
volume per unit area corresponds to increasing N. This is typical of a resource-
limiting case, such as savannas, whereby tree numbers are limited due to competition 
for scarce resources such as water, but where trees do grow they often need only grow 
to a sufficient height to outperform grasses and avoid fire and herbivory (Sankaran et 
al. 2008).  
 
3.3.3 Scattering Considerations 
 
The simple formulation of the Matchstick Model considers the limiting case of 
cylinders with circumferences smaller than 0.1λ on the one hand, and much larger 
than 10λ on the other. For the sake of simplicity, these limits are referred to as 
corresponding to “Rayleigh” and “Optical” scattering, respectively. In the Rayleigh 
case we assume the backscatter from each cylinder increases with the square of the 
cylinder volume, and for the latter, it increases with the physical cross-section 
(Kononov and Ka 2008). At the transition between these two regimes lies resonant 
scattering, here we make an approximation that assumes the resonant behaviour 
“averages out” across this region due to the cumulative effect of a distribution of stem 
sizes. This assumption is supported by empirical results in (Lopes et al. 1991), and 
(Mougin et al. 1993). 
 
An additional feature of the Matchstick Model is the absence of scatterer attenuation 
due to the absence of canopy. A compelling case for the importance of attenuation 
would normally be made based on evidence of saturation in the backscatter-biomass 
curves. However, it is just such an interpretation based on the Water Cloud model 
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(Attema and Ulaby 1978) that we wish to challenge with the Matchstick Model.  
Indeed, the results presented in this thesis demonstrate that the impact of thinning on 
the backscatter can be sufficient to cause saturation even when attenuation due to a 
thickening canopy and increasing number of scatterers is ignored. Saturation 
modelled by the Matchstick Model in itself is therefore not evidence of increasing 
attenuation by the forest layer.  
 
In summary the trend in backscatter from each stem in the Matchstick Model is 
characterised as follows.  For Rayleigh scattering where σ represents the radar cross 
section and V the volume : 
2VRayleigh ∝σ                                                                                                            (3.12) 
 
Using the relationship between length and radius of equations (3.1) and (3.9), the 
proportional relationship can then be written with respect to radius, r, and scaling 
exponent, a, as follows.  Normalised radar cross section is proportional to the cylinder 









                                                                                                    (3.13) 












                                                                                                         (3.14) 
 
This is in accordance with the laws of geometric optics which under certain 
limitations is an acceptable simplification of the scattering formula for the physical 
optics of a cylinder as described in Chapter 2.3.  
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If the geometric optics is valid it can be stated that within P-Band at 429MHz the 
radius value of a scatterer coinciding with the transition from Rayleigh to Mie is 
about 0.01m and the radius value of a scatterer which coincides with the transition 
from Mie to Optical is approximately 1.1m. Scatterers greater than 0.01m are deemed 
by the Matchstick Model to be Optical scatterers at P-Band. 
 
The application of the Matchstick Model is shown in Chapter 7 in which it is used to 
investigate the effects of stem number density and size variations on backscatter 
modelled by the radiative transfer model RT2. 
 
3.4 RT2 to model SAR Scattering from Forests 
 
RT2 Version 3e (Anderson 2000; Balzter et al. 2003b; Cookmartin et al. 2000) is a 
second order radiative transfer model developed in 2000 based on an earlier first 
order version of the model produced by Paul Saich (Saich 1993; Saich et al. 1995). It 
is used in Chapters 5, 6, 7, and 8 to provide SAR backscatter data at multiple 
frequencies.  RT2 version 1 could initially support a layered structure of up to 3 
layers, with a maximum of five scatterer types in each layer. Version 2 a greater 
availability of scatterer orientation distributions, and the inclusion of empirical 
ground scattering models. Version 3e is a more complete model ideally suited for 
forest geometry parameterisation. Specifically the allowance of more layers, up to 20 
used in this thesis, enables a detailed forest structure to be constructed with each layer 
potentially used to model different branch sizes. In addition there is a capacity for up 
to 64 scatterer sizes within a single layer or within a single forest simulation. This 
feature is advantageous when RT2 is parameterised by SERA allowing 64 class sizes 
for the description of multi-age stems within a single forest. Version 3e also benefits 
from the addition of new ground scattering models, scatterer types, permittivity 
models and scatterer orientations.  
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In addition to the parameterisation of layers using forest geometry, RT2 allows the 
user model choices to represent environmental conditions as well as models to 
determine composition and scatterer position. The subsidiary models available refer 
to the scattering of the geometrical shapes, the scatterer orientation distributions, the 
ground scattering, the ground permittivity, and the vegetation permittivity.  
 
Each parameter file in RT2 must include information regarding each layer, the 
ground, and the modelled incident electromagnetic wave. Within the header file the 
constant terms of a particular simulation are included, consisting of the incident 
frequency information, both angle and wavenumber, the scattering types to be 
modelled (direct, layer-ground, layer-layer backscatter), the ground scattering model 
and the ground composition.  
 
3.4.1 Ground Scattering Model 
 
The theoretical ground scattering models available within RT2 are the Small 
Perturbation Model, Kirchoff Geometric Optics Model, and Kirchoff Physical Optics 
Model. Each of these can be used with a Gaussian surface correlation function. In 
addition, empirical ground models of (Ulaby 1995), (Dubois et al. 1995), and (Oh et 
al. 1992) are available but their use in this thesis is not appropriate due to the 
concentration of this thesis on low radar frequencies in comparison to those used to 
devise these models. 
 
The ground scattering model chosen in this study is the Kirchoff geometric optics 
model using a Gaussian surface correlation function. The geometric optics 
approximation is based on the Kirchoff-tangent plane approximation, which assumes 
that each point of a rough surface can be considered as locally flat (Pinel et al. 2010). 
In addition to scattering model choice, parameters indicating the surface roughness of 
the ground must be determined. Using the criterion shown in (Ulaby 1982) also 
known as the Fraunhofer criterion, the ground surface can be considered smooth if the 
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phase difference is less than an eighth of π. Within this study the ground conditions 
have been chosen to represent a rough surface at the limits of the geometrical optics 
approximation, verified in (Tang and Buckius 1998; Tang et al. 1996), in order to 
reduce the direct backscatter contribution from the ground surface and emphasise the 
contribution of the forest and the resulting double bounce. Simulations were carried 
out using a fixed incidence angle of 35 degrees and frequency of 429MHz to compare 
the backscatter effects of various correlation lengths and RMS surface heights from 
within the validity area of geometric optics. The variations in data resulting from 
different ground roughness are shown in Figures 3.5 and 3.6 for two cases. The first 
exhibits the data from an initial population of 500000 stems with scaling parameter 
a=2/3 as defined by equation (3.1), undergoing d=2 thinning as defined by equation 
(3.11) representing a relatively small forest, while the second example exhibits the 
data from an initial population of 1000000 stems with scaling parameter a=1, 
undergoing d=2 thinning representing a relatively large forest. d=2 thinning is the 
exact value that maintains total basal area of the forest as forest volume increases (see 
Figure 3.4) and is responsible for the rapid reduction in stem numbers with each 
increment of age to represent more natural stem number densities. Lower values 
indicate a level of thinning that will continue to increase basal area as volume 
increases even though tree numbers are reduced. The size of the forest can be 
compared using the volume values with both consisting of solely vertical stems. 
 
The backscatter values in relation to default RMS surface roughness and correlation 
length choices suggest that the ratio of these values is a defining aspect, as shown in  
(Tang et al. 1996). The datasets possessing approximately the same ratio between 
these two values produce approximately the same backscatter and so, within the 
context of this thesis, this ratio will be kept at a value denoting a rough surfaceof 
correlation length 0.15 and RMS surface height 0.014. If a very rough surface is used 
the result will be that direct backscatter from the ground will dominate and render the 
forest invisible. Similarly, if a surface too smooth is used, the direct ground 
contribution will not be apparent due to specular reflection dominance. Although the 
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default setting used in this thesis lies at the limit of validity, in accordance with (Tang 
et al. 1996) ground representations that lie at other locations within the range of 
validity produce almost identical results as shown in Figures 3.5 and 3.6 with the 
trends even more closely matched. Significantly for this study the trends remain the 
same regardless of the absolute backscatter values depicted, unless the surface is 





















) Default rough (0.15, 0.014)
Reduced roughness (0.185, 0.011)
High RMS roughness (0.15, 0.145)
High RMS and Correlation Length (2.42, 0.145)
Rough (8.5, 0.85)
Very rough (1.7, 0.85)
Smooth within validity (142.5,8.55)
 
Figure 3.5.  RT2 simulated P-Band VV data for surface roughness variation sensitivity test. Planting 
density (500000), Scaling (a=2/3), Thinning (d=2). Numerical values represent (correlation length, 
RMS surface height) defining roughness. Default setting used in thesis best described as rough surface 
for validity with Geometric Optics. 
 
The ground composition must also be defined in the header file through the choice of 
ground susceptibility parameters. To model the ground the susceptibility model of 
(Hallikainen et al. 1985) is used, requiring a description of the soil in terms of sand, 
clay and silt content. In addition a volumetric water content must be defined. Similar 
to the choice of low surface roughness the volumetric water content of the ground is 
kept low to reduce the dielectric constant value and reduce the influence of direct 
ground backscatter. As shown in (Hallikainen et al. 1985) a low value for volumetric 




















Default rough (0.15, 0.014)
Reduced roughness (0.185, 0.011)
High RMS roughness (0.15, 0.145)
High RMS and Correlation Length (2.42, 0.145)
Rough (8.5, 0.85)
Very rough (1.7, 0.85)
Smooth within validity (142.5, 8.55)
 
Figure 3.6.  RT2 simulated P-Band VV data for surface roughness variation sensitivity test shown for 
planting density (1000000), Scaling (a=1), thinning (d=2). Numerical values represent (correlation 
length, RMS surface height) which define roughness.  
 
3.4.2 Canopy Scatterers 
 
Each individual scatterer type used in an RT2 simulation must be defined according 
to a series of parameters. These are the shape, height, half length, radius, number of 
scatterers per cubic metre, inclination angle, axial angle, and susceptibility. For each 
simulation the height defines the height of the layer while the half length input allows 
several branch sizes to be represented within the layer boundaries. The parameters 
that remain constant within a simulation and within the context of this thesis are the 
susceptibility values using the dual dispersion model for branches and trunks (Ulaby 
and El-Rayes 1987) which require constant inputs of gravimetric water and 
temperature. The shape of scatterer used throughout this thesis is cylindrical with the 
“infinite” cylinder approximation used throughout rather than the alternative and less 
applicable, for this scenario, needle and disc models which would be considered if 
foliage modelling was required in this study. 
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With regards to inclination and orientation, when the Matchstick Model (Chapter 7) 
or SERA (Chapter 8) is featured the stems are deemed vertical with zero inclination 
unless stated. For the work using the branching of the WBE model the orientation of 
the branches are uniformly distributed within an angular range of -180 to 180 degrees. 
The branch inclination is represented by spherical distribution. Evidence for the use 
of RT2 as an effective tool for backscatter modelling of vegetation of both forests and 
agricultural crops can be found in (Balzter et al. 2003b; Luo et al., 2000) and 
(Cookmartin et al. 2000). Further information about other models featured within 
RT2 and alternative setups can be found in the user guide (Anderson 2000). 
 
3.4.3 Preliminary Backscatter Findings 
 
Preliminary modelling for this thesis has analysed the effect on RT2 backscatter 
calculations resulting from variation in scaling parameter ‘a’, planting density, and 
incident frequency. For scaling parameters of a=1 and a=2/3 frequencies of 50MHz, 
429MHz, 1.5GHz, and 3GHz at an incidence angle of 25 degrees have been 
investigated with initial planting densities ranging from 10000 to 5000000 stems per 
hectare. Although these planting densities may appear unrealistic they represent the 
number of seeds and are subject to d=2 thinning (see Equations (3.5, 3.10, 3.11) and 
Figure 3.4) which maintains a constant total basal area for the forest throughout the 
experiment. The WBE model is used to generate the test forests using constants 
defining the geometry of an 18 layer forest with d=2 thinning incorporated. 
 
Figures 3.7-3.9 show the results from varying incident frequencies and scaling 
parameters (comparison of Figures 3.7 and 3.8) and planting densities (Figure 3.9). 
RT2 reproduces expected trends in backscatter with higher illuminating SAR 
frequencies providing higher backscatter intensity for any particular volume as well 
as lower “saturation” points in keeping with the theories of extinction (Attema and 
Ulaby 1978) and of a scattering transition driven saturation (see Chapter 2.3). This is 
a prime example of how RT2 can successfully model backscatter effects from forests. 
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In addition to these expected trends RT2 shows how the saturation point can vary as a 
result of scaling parameter and planting density variations. These variations form a 
























Figure 3.7. RT2 HV backscatter with increasing volume for varying frequencies at initial planting 


























Figure 3.8. RT2 HV backscatter with increasing volume for varying frequencies at initial planting 























Figure 3.9. RT2 HV backscatter for 429MHz with increasing volume for varying frequencies at 3 
different planting densities. Data for 18 layer forest with Scaling a=1 and thinning d=2. 
 
Where the scaling parameter is varied the scattering values are shown to vary where 
similar volumes and incident frequencies are considered. This is in keeping with 
empirical findings such as those shown in (Castel et al. 2002) and (Imhoff 1995b). In 
addition here the volume of saturation is seen to vary when the same frequency is 
analysed. This behaviour is seen when comparing empirical surveys which report 
different saturation levels for the same incident frequency but over different forests, 
for example (Luckman et al. 1998), (Fransson and Israelsson 1999), and (Mitchard et 
al. 2011) all reporting for L-Band using the same survey system. Environmental 
conditions could be responsible for these differences but it is likely that forest 
structure plays a critical role as predicted by RT2 modelling and is investigated in the 
experimental chapters.  For the a=2/3 case the gradient of the curve is seen to be 
negative after the maximum value associated with “saturation” has been reached, 
while an approximate zero gradient is consistently seen following “saturation” for the 
a=1 case. This is an attenuation effect due to bunching of scatterers in thinner layers 
brought on by lower scaling parameters. The way in which RT2 models attenuation 
mimics that expected in nature with Figure 3.10 representing an attenuation test of 
RT2. This test ensures that RT2 models typical RVoG behaviour (see Chapter 1.3.2). 
Planting Densities 
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Identical layers are modelled in this example with extinction set to allow transmission 
through all layers to show how the signal is attenuated exponentially through the 
canopy. The attenuation through a forest canopy would not be expected to follow this 
exact trend due to the non uniform distribution of branching within a forest but is 




















Figure 3.10. RT2 HV normalised Radar Backscatter from a 6 layer model of identical layer 
composition, number and volume of scatterers. Same trends shown for HH and VV. 
 
Other examples of saturation behaviour can be found in Chapters 7 and 8 with Figure 
8.12 in particular showing how the saturation level can vary in the presence of a 
heterogeneous forest. 
 
3.4.4 Dominant radii in RT2 scattering 
 
Common to all datasets is the presence of a dominant scattering layer. Figure 3.11 is 
an example of backscatter distribution around the dominant radius with the 
contribution from radii below the dominant radius thought to be the Rayleigh 
contribution ( see Chapter 2.3) which increases with radii increase, while for radii 
above the dominant radius it is considered the Optical contribution which reduces 
with increasing radius. This represents an equi-biomass multi-layer model. In a 
similar way Figure 3.12 shows scaling variation effects with dominant radius 
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unaffected by scaling change as it is a consequence of incident frequency, in keeping 
with theories that predict maximum backscatter from scatterers of radii within the 
resonance region. The existence of a dominant radius is a relevant prerequisite for the 





















Figure 3.11. RT2 HV429MHz backscatter as function of branching radius with initial planting 
density of 500000 and biomass density of 54.43 m
3
/ha. Scaling a=2/3 in 20 layer WBE modelled 
forest. 
 
The following experiment explores the backscatter ramifications of a forest consisting of 
five branching levels representing five stages of branch growth. One tree is planted and 
grows through five layers/branching sizes. From this tree two separate trees are seeded 
which begin growth one branching order behind the original tree continuing through the 
remaining growth periods. Each branching element seeds 2 daughter branching elements 
for the next stage of growth. 
 
The largest tree possesses one large stem (B1) in the base layer, two large branches (B2) 
in layer 1, four smaller branches (B3) in layer 2, eight smaller still branches (B4) in layer 
3 and sixteen leaf petioles (B5) in layer 4. Once the largest stem has reached this growth 
increment the second largest trees will be one growth increment behind, and so on. The 
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base layer of the forest will therefore have 1 x B1, 2 x B2, 4 x B3, 16 x B4, and 32 x B5 





































Figure 3.12. RT2 HV 429MHz backscatter as a function of branching radius shown for similar 
volumes with different scaling parameters. Biomass values in terms of m
3
/ha shown in legend. 
 
Figure 3.13 shows volume backscatter data from the forest configuration described in the 
above paragraphs. The data points in the figure are associated with the top of the layer so 
that the first point is located at 5.7m. The single large stem case is accompanied by 
simple multiplications of the configuration to 300, 500, 800 and 1000 so each time the 
number of the largest stems will be represented by this value. In its simplest form the 
dominant backscatter originates at the forest base from the location of the largest stem as 
well as the largest concentration of forest volume. This is a result that would be expected 
if backscatter were correlated with forest volume but interestingly there exists an 
anomaly higher in the canopy which gradually becomes the dominant source of 
backscatter around 16m height as multiplication is increased. The anomaly corresponds 
with the 4
th
 layer which contains a volume significantly lower than the base layer, 
(extinction occurs only in the 1000 multiplication example in which the penetration depth 
through the base layer is 1m short of the ground). The anomalous result indicates 
Volume and Scaling 
Parameter 
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sensitivity to the size of scatterer at P-Band of the 4
th
 layer which is occupied by the B4 
and B5 branches as well as displaying possible attenuating effects which reduce the 
contributions from lower down. The wavelength of P-Band used here is 0.7m showing a 
sensitivity to scatterers of the size 0.01m x 2m and 0.016m x 2.52m with the transition 
from Rayleigh to Mie scattering associated with the P-Band radius dimension of 0.011m. 
This experiment provides an example of how forest scattering is not dominated by 
attenuation by exhibiting how greater values of backscatter can be found below the 






























Figure 3.13. RT2 HV backscatter from forest branching levels corresponding to configuration described 
in text above. Legend denotes number of largest trees.  
 
To further this experiment into this structure an extra layer was inserted to investigate the 
sensitivity of P-Band to particular dimensions of scatterer. Into this layer the branch sizes 
B3 (3
rd
 generation), B4 (4
th
 generation) and B5 (5
th
 generation) were placed alternately 
while maintaining the same total volume. The backscatter data is shown in, Figure 3.14.  
 
From the data it is apparent that backscatter from the uppermost layers in the canopy 
produce the same backscatter values albeit at different heights as a result of the total 
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height of the tree affected by the components of the test layer. As the backscatter values 
from lower in the canopy are analysed, the largest of the three tested branches, the 3
rd
 
generation, produces a backscatter level that can be clearly seen to drop off in intensity in 
the approximate region of 15m height. For the 4th and 5th generation branches this drop 
off is not as clear. At the lowest layers the backscatter response is larger for 
configurations featuring larger branching sizes within the test layer due to higher 
attenuation experienced by the more numerous and smaller scatterers required to 
maintain similar volume levels. Each example features identical configurations below the 
test layer with the level of backscatter below this layer dependent on the amount of 
backscatter attenuated above. The key thing to come from this group of figures is that 
RT2 shows sensitivity to size and number density distributions and is further evidence 
for the usefulness of RT2 in predicting backscatter from forest structures in accordance 






















Figure 3.14: RT2 HV vertical profile backscatter data showing direct backscatter contribution from each 






 generation branches of equi-volume. 
Maximum heights vary as a result of the test layer height variation. 
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3.5 Structure of Experimental Modelling Within Thesis 
 
The original experimental work of this thesis is presented in the following Chapters 
(4-8). Each chapter as its focus has the consequences of variations in macroecological 
forest parameters on remote sensing data, particularly SAR. Of significance are the 
forest parameters of number density and size which are both ultimately controlled by 
the self thinning of the forest. Each chapter presents its findings in terms of modelling 
results with forest structures provided either by the SERA model (Hammond and 
Niklas 2009) (Chapters 4 and 7) or the WBE model (West et al. 1997) (Chapters 5, 6, 
7) which have both been introduced previously in this chapter (see Chapter 3.1 and 
3.2). Backscatter data is provided either through Matchstick Model (Chapter 3.3) 
predictions or RT2 radiative transfer backscatter (Chapter 3.4). 
 
The modelling work is conducted to address the questions set out in the Introduction 
of this thesis and to provide new ideas and methods to add to the scientific knowledge 
of radar remote sensing which was discussed in the first two chapters of this thesis. 
The flow of the experimental work begins with an introduction to forest remote 
sensing by examining the consequences of height to volume relationships that exist 
within forests. Using SERA the trends of typical height classifications used in forest 
remote sensing are analysed for forest stands made up of various planting densities, 
species mixtures, and resource restrictions. The aim of the work is to highlight how 
the association of forest height with forest volume can result in various volume 
estimates dependent on the height classification used. The simple analysis of how 
structure can affect simple forest relationships is a relevant consideration prior to 
analysis of backscatter variations caused by the same structures. The relevance for 
remote sensing lies in the use of interferometric SAR and LiDAR remote sensing 
which rely on accurate height values to infer forest volume or biomass. What this 
study highlights is that the vertical structure of the forest as a whole can influence the 
height to volume relationship whether that be maximum height, H100, or mean height 
so that if anything from planting density, resource availability, or species composition 
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is changeable then the relationship between height and volume maybe also. In 
addition, the study aims to predict the most appropriate height classification for use in 
forest remote sensing based on the accuracy levels across changing parameters, but 
also with consideration to the physics of scattering. Chapter 4 serves as an 
introduction to the forest remote sensing modelling that is conducted in the 
subsequent chapters and the way in which forest models are used as a tool to analyse 
remotely sensed data, particularly for the retrieval of forest structure data. The work 
in Chapter 4 also introduces the idea of the existence of dominant scattering layers 
within the vertical structure corresponding to interferometric scattering phase centres 
and suggests why particular height classifications may correspond to these centres. 
The importance of forest basal area as an indicator of both backscatter behaviour and 
subsequently biomass levels is also discussed.  
 
Chapter 5 continues on the theme of vertical structure by introducing SAR 
backscatter modelling using RT2 (Saich 1993) (Chapter 3.4) to investigate the 
consequences of vertical structure variations on the analysis and interpretation of 
backscatter data. Using the WBE model described in Chapter 3.1, forests are 
modelled at a particular stage of growth as a collection of identical trees represented 
by branching layers consisting of identical sized cylinders. These cylinders get 
smaller with increasing layer number and therefore height from the ground. The 
investigation focuses on the potential existence of dominant scattering layers within a 
forest canopy related to both size and number density by generating a vertical 
scattering profile of the forest. The working hypothesis of the Chapter is that a 
dominant branching layer will exist as a result of a trade off between size of scatterers 
and their number density at a location determined by a transition from Optical 
scattering (predicted to be dominated by number density) to Rayleigh scattering 
(predicted to be dependent on scatterer size). The ratio of the size of the scatterer to 
the incident wavelength determines this size of transition as described in Chapter 2.3. 
Although a dominant scattering layer is predicted by traditional thinking to be located 
at the top of the canopy in accordance with the theory of attenuation. The difference 
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between the maximum backscatter resulting from resonance (Figure 2.4) and the 
scenario exhibited here is that the number density within each layer is changing in 
accordance with the branching of the WBE model. The investigation attempts to 
determine whether a dominant scattering layer exists within the canopy, not as a 
consequence of attenuation, or due to resonance but due to the size of the scatterers 
and their number density within any particular layer.  
 
As a consequence of the hypotheses and findings of Chapter 5 and the relationship to 
interferometric remote sensing of Chapter 4, Chapter 6 features a short study that 
incorporates both vertical backscatter profiles and the methods of forest height 
retrieval using interferometric methods. In this case the method of interferometry is 
Coherence Tomography (Cloude and Papathanassiou 2008a). The work in this 
chapter uses RT2 vertical backscatter profiles of WBE modelled forests which were 
created to allow comparison with empirical data collected at the Remningstorp test 
site in Sweden. The backscatter data was modelled using L-Band to match empirical 
data rather than the longer wavelength P and VHF Bands used throughout the rest of 
this work. The RT2 vertical profiles are used to compare coherence data and 
subsequently height retrievals obtained from inverting different model solutions. 
These model solutions being the RVoG model (Treuhaft and Siqueira 2000), and the 
Gaussian and Legendre spectrums. The work serves to identify whether these 
solutions are appropriate for describing vertical backscatter of forests and whether 
volume backscattering profiles can be used as adequate descriptions of forest 
scattering behaviour and for accurate use in forest height retrieval. 
 
With Chapters 4, 5 and 6 concentrating on the vertical structure of forests and the 
consequences for volume and biomass retrieval, Chapter 7 incorporates the 
Matchstick Model introduced in Chapter 3.3 to explore horizontal structure variations 
exhibited by number density and size variations of stems. The work of this Chapter 
investigates the theories of the Matchstick Model in comparison to RT2 modelled 
backscatter data produced following its parameterisation using the same vertical 
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stems. The key aspects of the Matchstick Model are that it is applicable at long 
wavelengths (P-Band or longer) and describes forests as a series of identical 
cylindrical stems with size increments based on WBE model scaling. It also allows 
the backscatter consequences of number density and size variations within forests to 
be identified in the absence of canopy attenuation. With the importance of basal area 
with regards to radar scattering, touched upon for the vertical profile case in Chapter 
4, it is discussed in Chapter 7 for its importance in the horizontal case; referring to the 
total backscatter behaviour over a forested area. The idea of saturation and its causes 
are investigated by focussing on the relevance of scattering transitions to the trends 
existing between backscatter intensity and forest volume. As with the other Chapters 
of this thesis the approach to modelling is a deductive process analysing the 
consequences of general scattering behaviour to provide explanations for specific 
behaviour seen in empirical studies. The general behaviour here being that forests 
consist of vertical stems growing at similar rates, causing a transition in scattering as 
they achieve a particular size, and whose scattering can be described either as solely 
volume dependent Rayleigh scattering or area dependent Optical scattering depending 
on the scatterer size to incident wavelength ratio. Describing forest scattering in this 
way is similar to the methods used to predict vertical backscatter behaviour in 
Chapter 5. The theoretical data of the Matchstick Model and RT2 modelled 
backscatter crucially suggest that saturation is not necessarily determined by 
attenuation levels. One of the key questions of Chapter 7 is whether backscatter is a 
trustworthy indicator of forest volume or biomass? This question is analysed for 
varying volume levels at which scattering transitions by stems take place and through 
number density variations resulting from thinning behaviour which impacts directly 
on forest basal area.  
 
Chapter 8 is the final experimental chapter of the thesis and is primarily a further 
study of the Matchstick Model description of forests and forest backscatter. In 
addition to exploring the theories of the Matchstick Model it utilizes the SERA 
model, introduced in Chapter 3.2 and featured in Chapter 4 to provide the forest 
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description. Due to the level of detail provided by SERA and its depictions of forest 
stands as multi-age, and potentially multi-species collectives, the forest can be 
segregated into Optical and Rayleigh scatterers according to stem sizes at each stage 
of growth. This allows backscatter to be calculated in terms of all scatterers present, 
or solely for the Rayleigh or Optical scatterers alone. This is a clear advancement on 
the scattering scenario provided by the Matchstick Model forest as it allows a more 
realistic distribution of stems through its ability to model multiple aged stems within 
the same stand as a consequence of mortality and subsequent regrowth. Chapter 8 
provides an analysis of the scattering behaviour predicted throughout this thesis in a 
setting more closely linked to the natural arrangement of forests. Where in Chapter 7 
the user was required to define thinning behaviour and scaling values using the WBE 
framework the work of Chapter 8 is less user driven and more dependent on growth 
behaviour provided by the SERA model as a consequence of competition for light 
and space. The existence of competitive behaviour within the model allows a forest to 
vary its thinning rate, to encourage regrowth, to cope with mortality, and to provide a 
more heterogeneous environment in keeping with forests which may have been 
involved in previous remote sensing studies. An advantage of the approach adopted in 
Chapter 8 is that the scattering behaviour typically associated with empirical studies 
can be described in terms of all scatterers present within the forest rather than 
according to samples as may be the case with forest field measurements. This is not to 
say that modelled data is more advantageous than empirical data but rather that it 
provides a more controlled environment to investigate specific influences. This is 
especially true if the data correspond closely with published trends and an alternate 
explanation for backscatter saturation behaviour can be provided. 
 
The experimental work of this thesis aims to produce novel work to accompany those 
discussed in Chapter 1.3 by answering the questions of Chapter 1.1. Particular 
attention is paid to the influence of forest structure on the vertical and horizontal 
backscatter profiles, and the consequences for interferometric measurements. The 































4 A Macroecological Analysis of SERA Derived 
Forest Heights and Implications for Forest Volume 
Remote Sensing 
 




This chapter was initially written in 2010 and submitted to PLoS ONE Open Access 
Journal in 2011, it is currently in review. The work presented in this paper is a study 
of the relationships between forest height classifications and forest volume values. 
The findings of the work are intended to inform on the indirect forest volume retrieval 
methods using allometry (See Chapter 1.4) and forest height data retrieved from 
InSAR and LiDAR methods. As a tool for investigation the forest model SERA 
(Chapter 3.2) is incorporated into this study to provide in depth details of forest 
geometry on a stand level. SERA can be used to monitor the effects of 
macroecological variations on the relationship between height and volume with 
analysis of all trees within a stand. As a modelling exercise this chapter is intended to 
highlight potential pitfalls in using forest height as an indicator of forest volume but 
also to discuss the importance of correctly classifying height for volume conversion 
particularly when height is associated with interferometric processes. 
 
The work is presented here as a stand alone article but also as an introductory 
experimental chapter for the thesis that serves to highlight the usefulness of forest 
growth models particularly in providing data on size and number distributions. As a 
precursor to backscatter modelling incorporated in the following chapters it highlights 
how simple structural variations can impact on macroecological relationships and 
subsequently on the interpretation of remotely sensed data. SERA is also used in 
Chapter 8 to interpret backscatter relationships with macroecology while the vertical 
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structure and consequences for interferometry are covered in Chapters 5 and 6 
immediately following this work. 
 
This chapter aims to address the following questions: 
1. What correlation is predicted by SERA to exist between forest height and 
forest volume? 
2. How does this correlation vary when height is described in different ways, 
across number density variations, species definition, and resource restrictions? 
3. What implications do the relationships described by SERA have for remote 
sensing studies used to determine forest height such as SAR interferometry 
and LiDAR? 
4. Is there a height classification predicted by SERA to be suited in terms of a 
physical connection with scattering behaviour that is also related to volume? 
 
The work featured in this paper was entirely produced by myself including idea 
formulation and work undertaken. Influence was provided by S. Hammond and Prof. 
Niklas of Cornell University regarding the effectiveness of their SERA model 
acknowledged as a significant contribution to this work. Help was provided by Dr. 




Individual trees have been shown to exhibit strong relationships between DBH, height 
and volume with studies citing these as justification for use in forest volume 
estimation through remote sensing. With resolution of common remote sensing 
systems generally too low to resolve individuals and a need to cover larger areas, 
these systems rely on descriptive heights which account for collections of trees in 
forests. For remote sensing and allometry applications this height is not entirely 
understood in terms of its vertical location, but here we ask whether an 
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understanding of this height value is required to make accurate forest volume 
estimates?  
 
A forest growth model (SERA) is used to analyse forest canopy height relationships 
with forest wood volume.  The heights maximum, Mean, H100, and Lorey’s are 
examined for their variability under number density, resource and species variations. 
Findings are analysed for their implications to forest remote sensing techniques such 
as LiDAR and radar interferometry.  
 
Traditional forestry measures of maximum height, and to a lesser extent H100 and 
Lorey’s are shown to exhibit little consistent correlation with forest volume across 
modelled conditions. Implications being, that using forest height to infer volume or 
biomass, remote sensing would require species and community behavioural 
information to infer accurate estimates using retrieved height alone. SERA predicts 
Mean height to provide the most consistent relationship with volume of the height 
classifications studied and overall across all forest variations.  
 
Height classifications investigated here are potentially linked to radar scattering 
centres with implications for their use with allometry. These findings may be used to 
advance forest biomass estimation accuracy through remote sensing. Furthermore 
the use of Lorey’s height with its specific relationship with remote sensing physics is 
recommended as a more universal indicator of volume when using remote sensing 




Accurate global forest inventory and above ground biomass estimates remain an 
uncertain element in our understanding of the global carbon cycle (Cramer et al. 
2004; Magnani et al. 2007). Remote sensing by current and future techniques using 
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SAR and LiDAR are expected to play an increasing role in reducing such 
uncertainties; alone and in synergy (Sun et al. 2011). Both of these techniques suffer 
from inaccuracies associated with their estimation of biomass. For SAR there are 
empirical results showing that relationships exist between the intensity of backscatter 
and the biomass of a forest so that an accurate estimate of biomass can be determined 
directly, but this technique is hampered by the existence of a saturation effect 
(Dobson et al. 1992; Imhoff 1995a) seen both in empirical (Dobson et al. 1992) and 
theoretical studies (Bergen and Dobson 1999), and through a lack of consistency 
across different forest types. The source of the saturation effect and the information 
that can be extracted at volumes above this saturation biomass are a topic of debate 
((Imhoff 1995a; Wang and Ouchi 2005; Waring et al. 1995; Woodhouse 2006b). A 
significant problem is that approximately 81% of the world’s forests contain biomass 
beyond the saturation level currently associated with P-Band SAR (Imhoff 1995a) -- 
the frequency of choice for the proposed European Space Agency mission, 
BIOMASS (Lin et al. 2008)).  The level of this saturation is approximately 100-
200t/ha (Patenaude 2003). 
 
For SAR height, values can be inferred from polarimetric-interferometric radar 
(Hajnsek et al. 2009). The estimation accuracy, with respect to forest height, has been 
shown to be in the order of 10-15% for particular studies (Mette et al. 2002) but still 
requires the use of allometric equations to convert to biomass. For LiDAR the 
relationship between the LiDAR return and the height of the forest is more direct, 
with uncertainties associated largely with footprint size. For both large footprint 
(>10m) LiDAR and SAR, the direct relation to “canopy height” as measured in the 
field is not well-defined, and different methods of calculating a mean, or 
representative height are used (e.g. H100, Lorey’s height, etc.). Some examples of the 
variations in LiDAR recorded height are quantified in terms of system and survey 
characteristics in (Disney et al. 2010).   
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In both the LiDAR and SAR cases allometric equations are required to determine 
biomass and this entails a high degree of uncertainty. Allometric equations are 
traditionally based on the properties of individual trees, with power law relationships 
between DBH, stem height, or a combination of the two. Now that height is 
measurable over large areas, there is growing interest in the allometry at the stand or 




                   (4.1)
  
Where H is some average forest height, and a, and c are constants that vary with 
species, forest type, etc. An average height is typically used as Maximum height is 
not necessarily a good indicator of forest volume. This is the focus of this paper, 
namely to evaluate the following alternative height descriptions as indicators of 
biomass: Mean height, H100 and Lorey’s height, and to consider how their 
relationship to biomass varies with respect to population, species, resource, and area 
variations.To achieve this, the forest growth model SERA (Spatially Explicit 
Reiterative Algorithm) is used to investigate the height-volume relationships at plot 
scale of simulated forests (Hammond and Niklas 2009). This allows the evaluation of 
several different descriptions of height as an indicator of plot level volume. Our link 
to biomass depends on the assumption that wood density is relatively consistent for 
any given forest composition, with genus level means giving reliable approximations 
of species values (Chave et al. 2006), and cross species examples explored in terms of 





SERA (Hammond and Niklas 2009) models tree growth within a population through 
the incorporation of ensemble behaviour. Due to the inherent constraints of space and 
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light within SERA and the allowance of species variation, it is able to mimic forest 
dynamics resulting from competition. As an output, SERA provides information 
regarding canopy size and composition as well as stem information including volume, 
weight (based on species-specific wood density), size, and location. SERA can be 
programmed to model a user-defined area, as well as user-defined conditions such as 
light intensity and number of seeds planted. In all cases the topography is flat. The 
model can also be set to span a user-defined number of years. SERA has accurately 
predicted several relationships that have been identified within an empirically 
modelled Abies Alba population (Hellrigl 1974). Of these relationships the two of 
particular importance, and the reason for this model’s significance here, are the 
relationships between mass/volume and height, and of height to diameter. The model 
is used to investigate the variations in these relationships when forest community 
conditions are altered in terms of number density, resource availability, and species 
variation.    
 
Within SERA each plant is intentionally simplified to consist of a single 
photosynthetic surface elevated by a single stem, but in this work the canopy is only 
used to determine ensemble growth. The stem is used to determine volume/biomass. 
SERA has the ability to predict the fate of a species under varying degrees of spatial 
and temporal heterogeneity, primarily through space and light variations. SERA’s 
ability to model backscatter is studied in Chapter 8 with the model introduced in 
Chapter 3.3. 
 
4.3.2 Height Classifications and Remote Sensing 
 
In principle, the height of a tree can be defined as the distance of the maximum point 
vertically from the ground surface (even though other height measures can be used 
for specific purposes). For a community of trees, the average height can be described 
in several ways. The Maximum canopy height represents the height of the tallest tree; 
the Mean height represents the arithmetic mean of the summed trees; H100 represents 
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the mean height of the 100 trees with the largest DBH within one hectare; Lorey’s 
height refers to the height of the trees weighted by each basal area. With the ability to 
quantify community height in several ways it is important to consider how heights 
obtained from SAR, LiDAR and traditional Optical remote sensing compare to these 
various height descriptions. Mean canopy height is extremely difficult to measure in 
the field due to the need to account for every single tree (additionally, due to its 
unweighted nature it is easily influenced by mortality of tall individuals). Average 
height can be simply the arithmetic mean as featured here but can also be sample 
based if all trees are not measured (typical of larger stands). H100 remains less 
complicated due to the requirement to identify and measure 100 trees but in a stand of 
1 ha size such a measurement will likely be very close to the Maximum tree height 
which remains the simplest measurement due to the need to identify and measure 
only the single largest tree. H100 (Mette et al. 2004a) and Maximum height (Lefsky 
et al. 2005a) are expected to resemble one another very closely, particularly for 
mature stands while Lorey’s height is a basal area weighted mean height, equation 
(4.2) (Lefsky et al. 2005b). The difficulties in acquiring such field measurements are 
great due to the need to measure all trees, but due to the influence of larger trees on 
this height class the omission of smaller stems will have less of an impact than 
exhibited on Mean height. For Lorey’s Height, Hi and Ai represent the individual 







A x H 
    H
Σ
Σ
=                   (4.2) 
 
Trees with a large basal area, and therefore large volume, contribute more to Lorey’s 
Height than trees of a small basal area (allometry suggests that these trees will also 
tend to have the smallest heights and volumes). Lorey’s height is therefore also 
approximately weighted by crown area (on the assumption that crown size is 
correlated with basal area). These properties make it very appropriate for remote 
sensing, given that any pixel-based height determination will be influenced most by 
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the larger trees. Lorey's height highlights the larger trees, in a similar way to the 
contribution we might expect from each tree within a collection of SAR pixels, or a 
large LiDAR footprint.  
 
4.3.3 SAR Inferred Forest Height  
 
Forest height retrieval using SAR interferometry has been employed as a technique 
for more than a decade and has taken on several guises. Single pass interferometry 
(Faller and Meier 2002; Kobayashi et al. 2002; Treuhaft and Siqueira 2000), repeat 
pass interferometry (Askne et al. 2003; Floury et al. 1997; Hagberg et al. 1995; 
Hyyppä et al. 2000; Wegmuller and Werner 2002); single baseline polarimetric 
interferometry (Cloude et al. 2009; Cloude and Corr 2003; Cloude and 
Papathanassiou 1998, 2003; Papathanassiou and Cloude 2001, 2002; Treuhaft and 
Cloude 1999, 2002); multi-baseline interferometry (Treuhaft and Cloude 1999; 
Treuhaft et al. 2004); and multi-baseline polarimetric interferometry (Stebler et al. 
2002). 
 
When using interferometry, identifying the phase centres corresponding to the canopy 
and the ground is a necessary requirement for canopy height estimation. The phase 
differences between interferograms represent the height difference between the 
effective phase centres of the corresponding scattering mechanisms. The 
interferometric scattering phase centre height from SAR interferometry is therefore 
the vertical location within the canopy from which most of the backscatter signal is 
returned. For dense forests and short wavelengths the scattering phase centre can be 
close to the canopy top, while for sparse forests with gaps or using longer 
wavelengths this can be closer to the forest floor (Madsen et al. 2002). Additionally, 
when applying polarimetry to interferometric SAR (InSAR) (Cloude and 
Papathanassiou 1998) the existence within the forest of different scattering processes, 
occurring at different heights, produces different polarimetric results. High 
interferometric decorrelation results in high errors which propagate through to 
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biomass estimation. Forest structure has been shown to have a high impact on 
interferometric coherence (Cloude et al. 2009). 
 
4.3.4 LiDAR Inferred Forest Height 
 
In order for LiDAR to calculate forest height, identification of the ground is also 
required. In order to create an accurate representation of the ground all returns 
identified as being non-ground must be removed from the analysis. Different filtering 
techniques exist but the major assumption made is that in discrete return LiDAR the 
last returns are ground returns (Dubayah and Drake 2000). The surface model is 
generally derived from the distribution of the first returns while the terrain model is 
generated through the filtering of the last returns to isolate ground reflections. For full 
waveform LiDAR, canopy height is calculated through conversion of the two-way 
travel time differences between the two most prominent modes in the amplitude 
waveform which is then converted into a distance measurement. The difficulties here 
lie in the fact that the identification of the two most prominent modes may not always 
correspond to the highest point in the canopy but instead be a function of canopy 
structure (Nelson et al. 1984). Large footprint systems are most effective when the 
canopy profile metrics are to be derived while the use of small footprint radar systems 
are applicable for more small scale surveys related to forest management, as crown 
diameter can be estimated and species identified.  
 
Comparative results of LiDAR against InSAR canopy height estimation have been 








4.4.1 Forest Height Analysis 
 
 
SERA was used to produce forest stands of both angiosperm and gymnosperm 
communities. With Abies Alba, European Silver Fir being the most thoroughly 
researched forest structure input into the SERA model it is important that this species 
features heavily. Cryptomeria, Cedar, is also included as a specific species while 
generic representations of angiosperms and gymnosperms are included. For each 
forest identity, planting densities are varied to cover the possibilities of 1, 100, 1000, 
10000 and 25000 seedlings per hectare (the Abies Alba source plot as referenced in 
(Hammond and Niklas 2009) was such a plot size). As a result of this extensive range 
of plantings, the effect of initial planting density on the forest dynamics is examined 
through the life of the forest with the possibility that forest heights will vary greatly 
for similar forest volumes. In effect the level of influence of number density, volume, 
basal area, height, space and light intensity (resource availability) on the forest 
dynamics was extensively investigated in order to distinguish what various forest 
heights reveal about forest volume. 
 
4.4.2 The Influence of Number Density 
 
Within forest conditions under high number density, individual trees will grow with 
tall and thin stems with less emphasis on mechanical stability due to the sheltering 
effects of neighbours. Canopy components would be solely located in the upper 
realms of the stem due to light competition. Under low number density conditions the 
lack of competition for light, as well as less protection, allows a tree to focus on 
reproductive capability and mechanical stability. The result being that a different 




Figure 4.1. Abies Alba SERA modelled Maximum plant heights over a period of 100 years against 
stand volume per hectare. Larger circles represent larger number densities with changes resulting from 
competitive thinning of the initial planting densities.  
 
The same trend is apparent between Maximum Tree Height and Stand Age for all 
planting densities simulated by SERA but when Maximum height values are plotted 
against stem volume (Figure 4.1) correlation is only evident between the high density 
planting cases of 10000 and 25000 stems ha-1. These high planting density values are 
realistic for initial seeding with a particular study showing the presence of up to 763 
seeds/m
2 
(Granström 1982). The problems related to biomass estimation using height-
based allometry are immediately apparent. For example, a SERA generated forest 
with a Maximum plant height of 25m could be contained within a forest volume of 
any from 32, 250, 586, 681 or 697 m3/ha. Although the allometry suggests that the 
Maximum height of a plant will relate favourably to the volume it appears through 
SERA predictions that such a relationship is less stable for the community scenario. 
Interest is paid to the full volume density range of the forest so that insights can be 
provided into behaviour both above and below typical backscatter saturation levels, 






In each species case, the conclusion remains the same that the number density clearly 
affects the relationship between height and volume with each case indicating that the 
Maximum heights capable within the forest are achieved at lower volumes when the 
initial planting density is less. This imbalance between forest dynamics would 
indicate that forest Maximum height to volume is a relationship which relies on the 
total basal area or planting density of the stand to define it. In each case studied here, 
as would be expected under the same resource limitations, the data converge at high 
volumes so that the Maximum height of the forest is uniform across all planting 
densities. This does not signify a strong relationship but rather tells us that forest 
configurations eventually converge to replicate one another in a space filling and 
constant resource environment. If this is a common case then it is possible that the 
knowledge of number density at this stage of growth may be used to infer forest 
volume. 
 
With such variation in Maximum forest height for particular volumes, an assessment 
of the number density relationship to H100, Mean height, and Lorey’s height is 
explored with immediate results showing a better relationship between Mean height 
and volume under number density variations (Figure 4.2), with the relationship of 
volume to Lorey’s height (Figure 4.3) improving slightly on the relationship exhibited 
by Maximum height. H100 is not shown here as it largely follows the trends of 
Maximum height, particularly with large planting densities with these heights best 
suited to establishing forest age rather than volume. 
 107 
 
Figure 4.2. SERA modelled Abies Alba Mean plant heights against stand volume over a period of 100 
years for various planting densities per hectare. For number density variations associated with each 
planting density the reader is referred to the trends shown in Figure 4.1. 
 
 
Figure 4.3. SERA modelled Abies Alba Lorey’s heights against stand volume over a period of 100 
years for various planting densities per hectare. For number density variations associated with each 















4.4.3 The Influence of Species Variation 
 
 
Figure 4.4 shows the variations that exist in forest Maximum tree height as a 
consequence of species variation for a particular planting density. The mixed species 
plots incorporate all featured species. For Mean plant height, familiar trends exist 
over the 100 year period with Abies Alba being a slight exception to the trend. Each 
data set exhibits behaviour to suggest the existence of a species optimum Mean height 
over the time period in question. When these height data are plotted against volume it 
appears that the Maximum height is a good indicator of forest volume at volumes 
above 300m
3
/ha across all species when planting density is constant, with similar 
conclusions for H100 and Lorey’s height (Figure 4.5). Mean height (Figure 4.6) as a 
comparison produces trends that indicate its potential as a useful parameter for 
indicating forest volume regardless of species.  
 
 
Figure 4.4. SERA modelled Maximum and Mean plant heights within forests of initial planting 





The effect of species produces similar trends at various planting densities but in 
general the variation of species has a small effect on the relationship between Mean 
forest height and forest volume in comparison to planting density variation. Although 
primarily Mean height and then Lorey’s height appear to be the most consistent 
height classifications for volume estimation on an interspecies level, small variations 
in Mean plant height from the expected trajectory could result in large variations in 
volume estimation due to the low rate of change of Mean height per unit volume. 
Quantifying the difference between the two least correlated species datasets could be 
used to provide a SERA predicted error estimation associated with each height.  
 
 
Figure 4.5. SERA modelled Lorey’s height against forest volume plotted for different species at 




For any particular planting density the interspecies trends appear to resemble one 
another but do not hold as well under variation of both species and planting densities. 
A key question is then whether the possibility exists that knowing the current number 
density could be sufficient for determining volume across species using an 
interferometrically retrieved height and quantifying the potential errors in estimation 
using plots such as those of Figures 4.5 and 4.6. The data in Figure 4.1, showing the 
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effects of planting density, on the relationship suggest this could be possible in 
mature forests where number densities are predicted by SERA to converge.  
 
 
Figure 4.6. SERA modelled Mean forest plant heights against forest volume plotted for different 




Figure 4.7. SERA modelled Lorey’s height against stem biomass density plotted for different species 




Consideration of the relationship of height with biomass density is also important 
when comparing across species. When examining stands in such a way, variations to 
the trends exhibited between volume and height may be apparent as a result of wood 
density variations from species to species, a consideration that is not required when 
exploring within a single species. SERA has the ability to predict mass based on field 
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calculated wood density values for each species and although small differences are 
exhibited the general trends remain the same with Mean height continuing to produce 
the greatest correlation with biomass density across each different species stand. 
Comparison of Lorey’s height with respect to both volume and biomass density 
highlights how difficult it is to correlate across species (Figure 4.7) with Lorey’s 
height only improving slightly on the offerings of H100 and Maximum height 
correlation levels. 
 
Tables 1 and 2 contain the R2 data relating each height classification when compared 
to equations representing the best fit through all data sets examined in Table 1 and for 
the best fits associated with each individual species set in Table 2. The “All Data” 
section in Table 1 provides information for all datasets used in this study which are 
combined to create a best fit for each height classification, the absence of this section 
in Table 2 is due to the species specific equations used. Figure 4.8 shows the spread 
of the height data with respect to the volumes predicted by SERA. Note the best fit 
equation for Mean plant height which represents the particular Mean Plant H “All 
Data” equation used in Table 1.   
 
 
Figure 4.8. SERA modelled height data for all featured forest configurations under the same 
environmental conditions of light intensity and space (left) shows data up to 50m3ha-1 while on (right) 




. Legend provides height classification. 
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Table 4.1. R2 values associated with the combination of all forest composition data sets with default 
resources. Predicted values used for comparison generated from “all data” equations associated with 




















All Data 0.51 0.51 0.73 0.73 0.75 0.76 0.71 
Abies Alba 0.47 0.47 0.75 0.75 0.64 0.66 0.62 
Cryptomeria 0.56 0.56 0.78 0.78 0.86 0.86 0.75 
Generic 
Angiosperm 0.60 0.60 0.75 0.75 0.82 0.82 0.79 
Generic 
Gymnosperm 0.55 0.55 0.72 0.72 0.78 0.78 0.73 
Mixed 
Species 0.65 0.65 0.81 0.81 0.88 0.89 0.85 
 
Table 4.2. R2 values associated with each individual forest composition data set with default 
resources. Predicted values used for comparison were generated using best fitting curves from SERA 




















Abies Alba 0.45 0.45 0.70 0.70 0.64 0.66 0.50 
Cryptomeria 0.51 0.51 0.71 0.71 0.90 0.64 0.73 
Generic 
Angiosperm 0.49 0.49 0.70 0.70 0.82 0.82 0.82 
Generic 
Gymnosperm 0.50 0.50 0.70 0.70 0.81 0.81 0.73 
Mixed 
Species 0.55 0.55 0.79 0.79 0.88 0.89 0.82 
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4.4.4 The Influence of Environmental Conditions 
 
When discussing the influence of environmental conditions on forest height 
dynamics, the factors that have the most significant effect on the growth of the forest 
are related to the life cycle. Forest growth requires light and carbon dioxide, water, 
space, and nutrient availability. With SERA, the dynamics of the forest in relation to 
light intensity can be manipulated as well as the ability to constrain the area in which 
the forest can grow. Of particular interest is how light intensity affects the nominated 
classes of H100 and Lorey. 
4.4.4.1 Light Intensity 
 
Forests experience different light intensities depending on their latitudinal location 
due to the angle of illumination and increased amount of atmosphere which the light 
must traverse at high latitudes. This section considers the consequences of light 
intensity reduction predicted by SERA on height to volume relationships. For the 
Abies Alba datasets the relationship variations resulting from light intensity 
fluctuations appear to apply across all planting densities. The general trend over a 100 
year period is for forests exposed to lower light intensities to grow on average at a 
faster rate of height per unit volume as the forest as a whole accumulates less carbon 
over time for height gain as a result of reduced resources. Ultimately over the 100 
year period the Maximum height and total volume accumulated are less for the low 
light intensity forest behaving in a manner of a slow developing forest. The variations 
are a result of increased thinning per unit volume within the forest to enable each 
surviving tree to capture the same level of light required for growth. The 100% light 
intensity stand will therefore allow more stems to grow to their maximum potential 
resulting in higher trees and higher volumes in part due to a higher and efficient rate 
of thinning per year. Similar behaviour is examined in the modelling conducted in 
(Murrell 2009) as a result of slow growth rates. 
 
 114 
Due to the variations in forest structure caused by light variations, the relationship of 
Maximum forest height to forest volume does not hold across all light intensities and 
is affected proportionally to the amount of light intensity reduction. A greater rate of 
change of forest Maximum height with volume is displayed for lower intensities but 
the gradient increase is not necessarily linear. Similar findings are evident for the 
Mean height of the forest but with the surprising aspect being that forests subjected to 
lower intensity light can produce the maximum values of forest Mean height, 
predicted for Abies Alba at low planting densities. This trend suggests that there are 
fewer smaller trees at particular times due to the low light intensity therefore the 
mean value would be biased to the size of the more abundant older and larger trees. 
Although thinning rates are altered by the variation in light, the allometry of trees is 
not predicted by SERA to vary under these conditions. 
 
 
Figure 4.9. SERA modelled thinning with respect to age for Abies Alba and Generic Angiosperm. 
Planting densities of 10000ha
-1
. Legend shows light intensity as a percentage and species variations. 
 
For the generic angiosperm cases the rate of thinning is different to that seen for 
Abies Alba (Figure 4.9). The most significant difference being that, following early 
mortality, there is a greater surge in new growth seen for Angiosperms. The 
populations under light constraints produce reduced levels of this regrowth at later 
stages in accordance with light reduction. For angiosperms under light intensity 
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restrictions it is difficult to relate the Mean height of the forest to the volume 
contained within with the Mean height being almost constant as forest volume 
increases.   
 
The Angiosperm communities also show evidence of an optimum volume varying 
according to the light intensity. With a limitation in resources this optimum value 
reduces as expected for a theory linking resources with the amount of live biomass a 
plot can support. The Maximum plant height for a particular volume still remains 
higher in the presence of greater light intensity and this appears an interspecies trend. 
The Mean height is also much more closely related to volume regardless of light 
intensity but when the data is plotted a problematic scenario is introduced where 
small Mean height changes can indicate very different volume values due to the 
shallow gradient. This in practice could signify a lack of a durable relationship 
between Maximum height, H100 or Mean height with volume under the constraints 
of light limitation, but the relationship with Lorey’s height shown in comparison to 
H100 (Figure 4.10) does not suffer in the same way, with a more general level of 
increase in height registered for all increases in stand volume. 
 
All forest variations modelled here show that the more light intensity a forest is 
subject to, the greater the rate of thinning per year.  This is a direct result of the 
dynamics of the forest, which in the presence of sufficient resources will dictate an 
optimum tree growth to satisfy “fitness” needs. A forest that demands a balance 
between these “fitness” parameters will grow thicker and attain height with no 
compromise for stability linking total basal area of the stand to the forest volume and 
elevating the relevance of Lorey’s height. When compared to basal area increase at 
high volumes Lorey’s height exhibits less change in height for small changes in basal 
area than is shown for H100, in a similar fashion to the volume case of Figure 4.10. 
(Inversely as already stated the rate of thinning per unit volume is lower for the 
greater intensity of light suggesting a more efficient method of thinning while 
increasing volume).  
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Figure 4.10. SERA modelled angiosperm populations of initial planting density of 10000 ha-1 
exposed to varying percentages of light intensity.  Show for Lorey’s height and H100 against volume. 
  
For each species, when light intensity is reduced, the number of stems making up a 
particular volume also reduces. This suggests that the trees under light restrictions are 
bigger for any particular forest volume, but as the rates of thinning over time show, 
the forest with less light thins slower as it undergoes competitive growth at a slower 
rate. This is seen by the reduced level of carbon accumulation in the SERA data. 
After 100 years SERA predicts that the stand with the least light will consist of more 
trees but with a lower Mean height as their growth has been stunted and thinning rates 
are less efficient as trees struggle to exert dominance. At any particular stand age the 
volume associated with the lower light intensity is lower as would be expected in a 
natural setting. The maximum volume over the 100 year period is therefore 
significantly lower for the stands exposed to reduced light intensity with all volumes 
showing a lower basal area for the lower light intensity, highlighting the effects of 
limiting resources. In Figure 4.11 it is shown how light variations are evident in the 
relationship of height to volume for each height classification. The relevance of these 
findings is discussed in Chapter 4.5.2. 
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Figure 4.11. SERA modelled Abies Alba stands of planting density 10000ha-1 exposed to variations 
in light intensity (100%, 75%, 50%). Data shown clockwise from top left for Maximum, H100, 
Lorey’s and Mean plant height. 
 
4.5 Discussion 
4.5.1 The Relationship Between Forest Height and Volume 
 
All species and planting density data exposed to 100% light intensity over a 1ha area 
are plotted in Figure 4.8 in the form of Maximum, Mean, H100 and Lorey plant 
heights. The variations due to planting densities can be clearly seen for the data of 
H100 and Maximum plant height in which both show similar trends, albeit at 
different height levels. Lorey’s height is also affected but shows a tighter relationship 
with volume. On the other hand the Mean forest height shows a consistent correlation 




 value of 0.75 between predicted and actual Mean height. This is 
slightly more accurate than the linear best fit which produces a lower R
2
 of 0.67.  
 
Regardless of species, planting density or basal area, the relationship between Mean 
height and volume remains more consistent than the other height classes investigated. 
Tables 1 and 2 show the R
2
 correlation values of predicted volume against actual 
volume as provided by the relationship of all species data and individual species data 
respectively. Correlations are also improved on removal of stems < 2m high, but by 
doing so, the accuracy of the macroecological forest description is reduced.  
 
The relationship between Maximum plant height and volume produces an R
2
 value of 
only 0.51 for the combination of all datasets equation shown in Table 4.1 and thus 
appears clear that this parameter is not representative of forest volume. For both the 
Table 4.1 and 4.2 descriptions Angiosperm and Gymnosperm communities are 
represented well by their relationship of forest Mean height to forest volume, and 
poorly represented by Maximum height. On a singular species level the correlation of 
Lorey’s height is high with the exception of the Abies Alba data set, which H100 
provides a better correlation and suggests that Lorey’s height is more applicable for 
use across species. For the generic relationship between height and volume using all 
species data the correlation of H100 with volume is slightly higher when referred to 
all datasets but when applied to three of the five species compositions it is Lorey’s 
height that is better correlated. Of the 11 scenarios displayed in Tables 4.1 and 4.2 the 
outcome is for Lorey’s height to produce the best correlation in 7 cases. 
 
Each dataset used in this section highlights the problem of using Maximum plant 
height as an indicator of forest volume with all corresponding R
2
 values consistently 
lower than the others. When the individual forest compositions are considered 
separately the Mean plant height of a forest is still typically the best indicator of 
forest volume, with Abies Alba being the exception through its preferred relationship 
with H100. It may be the case that Abies Alba forest volume is weighted towards the 
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small selection of larger trees. Maximum height, and to a lesser extent H100, do not 
appear entirely representative descriptors of the community with these height 
descriptions representing only the most dominant individuals which SERA predicts 
do not define the volume status of the whole community. Lorey’s height (in a similar 
fashion to H100 and Maximum height) is biased towards the larger trees but given 
that it has better correlation than H100 or max height, yet poorer correlation 
compared to the  mean, its relative success is probably due to the fact that it accounts 
for all trees. 
 
4.5.2 Regarding Resource Constraints 
 
The Abies Alba data are used as a direct comparison of the full 1 ha, 100% light 
intensity area with the varying environmental configurations as previously shown in 
Figure 4.11. By interpolating the data to allow a percentage analysis of the correlation 
of height values with volume at increments of 2m
3
, the variation between 100% and 
50% light intensity produces larger variations when Mean height is considered; 
showing an average 34% data variation compared to 22% for Maximum height and 
30% for H100 with Lorey’s height showing a 25% variation. For 75% light the 
variations are 3%, 4%, 8%, and 4% respectively. When it comes to available area 
with constant planting number the results, as would be expected, vary considerably 
from the control situation. This is particularly true for the 0.25 ha case.  Under these 
conditions of shrinking area it is the Mean height which undergoes the least mean 
percentage variation for both the 0.5 and the 0.25ha areas with 38% and 102% 
variations respectively. Results for Lorey’s height of 67% and 163% are very similar 
to those produced for Maximum height and H100. These variations appear very high 
but result from 50% and 75% reductions in available area while maintaining the 
number of planted stems. When these areas are upscaled to give volume per hectare 
the results are much more closely linked but this highlights the potential problems 
that may exist if the ground area available for forest growth is not classified correctly.  
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Forest stand variations can be a result of age, species composition, population, forest 
management, and environmental conditions. Of these variables each has the ability to 
influence the collective forest allometry. Due to the dynamic ability of the forest to 
manage varying resource availability the thinning levels vary among planting 
densities in order to attain optimum conditions. A clear convergence in stem numbers 
for all planting densities is evident in the data at a volume of 300m
3
/ha for Abies 
Alba. Amongst planting densities, the amount of time it takes to achieve the optimal 
conditions varies. Such behaviour predicted by SERA indicates that the Mean heights 
of the Abies Alba forests will be the same regardless of planting density if these 
heights are achieved at volumes above 300m
3
/ha where the convergence suggests 
identical forests. In this way the forest combats the obstacles of resource and space 
allocation by resorting to the optimum structure to guarantee maximum efficiency 
through mortality and regrowth. In this scenario the number of stems and species 
would be adequate to infer forest volume. Alternatively this convergent behaviour 
may be related to an artefact from the measured data of (Cantiana 1974) used to 
create the SERA model, but the convergent behaviour still remains consistent with an 
optimum forest theory related to basal area sustainability with similar behaviour 
exhibited for Corsican pine in (Baker et al. 1994). 
 
Although increasing planting density both reduces the space and light available to 
each individual tree it does not alter the optimum conditions for the plot – these are 
controlled by the maximum resource levels of the environment. These conditions will 
be unrelated to planting densities as thinning regulates the numbers to ensure an 
optimum structure satisfying the resources available. The effect of altering individual 
environmental conditions such as reducing space and varying light intensity will 
reduce the optimum conditions of the stand. For example a reduction in space will 
reduce the available nutrients and therefore reduce the total basal area the stand can 
sustain although the nutrient resources per ha. will not be affected by such changes. 
Reducing the light intensity will reduce the resources per ha. and consequently the 
ability of the trees to photosynthesise efficiently and to acquire carbon as effectively. 
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The analysis of the individual variations must therefore be viewed in a different light 
to the effects of overcrowding as not all trees are resource limited through 
overcrowding while all will be in the case of light reduction. Where these scenarios 
differ significantly is in the relationship of forest volume to height measurements. 
Within SERA a reduction in space while maintaining planting number, results in a 
greater rate of thinning as the forest is forced to behave in a similar manner as it 
would when faced with overcrowding. This is in keeping with the natural behaviour 
where the degree of clumping of stems should decrease through the size classes due 
to density dependence removing individuals that are close to one another in space, 
and in particular those individuals that are close to an adult (Getzin et al. 2008; 
Kenkel 1988; Moeur 1997; Murrell 2009; Sterner et al. 1986). This happens to such 
an extent within SERA that a similar number of stems within different sized areas 
will produce different forest volumes, particularly for Maximum height, but it is 
hoped when they are upscaled to the same volume density the values will match more 
closely but not exactly due to required changes in dynamics.  
 
SERA predicts that if a plot can sustain a particular number of trees it will do so by 
using the maximum allowable basal area that resources allow and will thin according 
to this optimum value. The forest-level allometry is effectively altered without 
variations on an individual level. The effect this has on forest volume and height 
relationships is therefore to have a higher Mean height and Maximum height for any 
particular absolute volume of forest in a smaller area. When scaled to the same 
volume density units the relationship between height and volume will be almost 
identical at higher volume densities if the resources are identical but the exact size of 
the planting area must be known to allow this. 
 
If the same personal space restrictions are placed on individual trees, regardless of 
stand area, then it would typically be expected that the growth would be the same, but 
this is not necessarily the case. Although faced with reduced space, there is always 
the potential to achieve more within a larger area. A tree’s existence is bounded by 
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the limits of nature. This means that an area which can only be a 50% forested area 
(with 50% deemed uninhabitable, possibly due to contamination or early 
deforestation) cannot become a forested area with 75% capability which only 
experiences an uninhabitable area of 25% without outside intervention. Similarly a 
forest in an area with 50% less light intensity cannot increase the intensity of light 
captured within this area through thinning beyond the limits of the supply. The forest 
has to adapt to these unmovable resource limitations and as a result the height to 
volume relationships imposed by the variation of planting density differ from the 
relationships that exist when the resource supply is physically capped for example. 
Where a dense population is modelled the optimum conditions for space and light can 
be achieved regardless of the amount of space originally assigned to individual trees 
or the initial level of standing. Every planting density will be able to achieve the 
optimum structure given time, given the required thinning. 
 
4.5.3 The Relevance of Lorey’s Height 
 
The studies carried out in this work show that in general Mean plant height holds the 
strongest relationship with tree volume regardless of variations in species, number 
density, light intensity, and stand area while maintaining planting numbers. As this 
work was carried out with the consequences for remote sensing as a primary concern, 
the ability of remote sensing to measure average forest height are here considered. 
The three principle remote sensing techniques for forestry measurements of optical 
(reflected), laser, and radar systems are often assumed to be capable of deducing the 
Maximum height of the forest, conditions allowing, but their ability to acquire Mean 
height and to verify using ground data is much less certain.  
 
If the SAR scattering phase centre of a forest is to be better understood and better 
related to the physical aspects of a forest, the main source of the scattering must be 
defined. At high frequency bands such as X and C the dominant scattering 
mechanism in the forest is the volume scattering from the canopy (Sarabandi and Lin 
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2000)with the height of the effective phase scattering centre dependent on the 
wavelength and polarisation (multi-wavelength SAR interferometry has revealed the 
differences in vertical locations of effective phase scattering centres (Balzter et al. 
2003a). As the frequency is reduced, and the wavelength increased, the dominant 
scattering is associated with gradually larger branches, for example VHF would be 
dominated by the stems located deeper in the canopy (Smith and Ulander 2000). 
Assuming a direct relationship between Maximum forest height and scattering phase 
centre is not always appropriate, even at X-Band, see (Hajnsek et al. 2009). 
 
Further to this it is known that the larger the scattering object, the larger the 
scattering. In any of the cases involving scattering centres the scattering will be 
weighted towards branches of a particular size, which remain more susceptible to 
scattering at a particular wavelength. It would then seem apparent that the SAR 
scattering phase centre can be associated with an average height rather than the 
Maximum height of a forest. In the case of mid- to long- wavelength microwave 
frequencies this average height will be weighted by the size of the stems (Brolly and 
Woodhouse 2010). Such weighted forest measurements are similar to those favoured 
by Lorey's height and H100. 
 
As the evidence points towards the scattering phase centre being related to an average 
height measurement it is suggested here that for use at long wave microwave 
frequencies (P and L Bands) the average height measurement will be of a similar 
nature to Lorey's height with measurements weighted by the basal area of each 
individual tree rather than a selection of the largest trees as with H100. H100 also 
happens to be the designated height classification proposed for the European Space 
Agency BIOMASS mission (Davidson 2008). Lorey’s height allows the average 
forest height to be closely linked with the larger trees, but not being overly biased by 
a small subset of the largest trees (as in H100). For mono-cultures we might expect 
the difference to be insignificant, but for natural, mixed-age forests, it is likely to be 
more so.  
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Although not a mean height, the relationship of Lorey's height with volume has been 
tested using SERA. The statistics resulting from this reveal the accuracy to which it 
can determine volume as being at a level bounded by those of Mean height and 
Maximum height measurements with similar correlations recorded to that shown for 
H100. Although not able to match the accuracy of Mean height, Lorey's height 
remains a more relevant measure in terms of radar and LiDAR scattering. For these 
reasons it is Lorey's Height that is suggested here for use in volume studies given that 
it is the most relevant forest height, of those investigated, to the location of the 
scattering phase centre.  
 
Although LiDAR does not operate over similar bandwidths to Radar it does produce 
height results biased towards the tallest trees. With the high extinction rate of optical 
sensors through forest canopies this is expected but the reduced accuracy when 
surveying conifer plantations means that the height recorded by the sensor will tend 
to be less than the Maximum height of the forest. Lorey’s height would once again be 
a reasonable evaluation of the inferred height from the LiDAR measurements with 
allometry suggesting that the taller trees will have larger basal areas and also because 
Lorey’s height considers the entire visible community rather than simply selecting a 
sample of 100 trees. 
 
4.5.4 An Alternative Relationship 
 
The problem with height as an indicator of volume is of particular significance in the 
cases of resource limitation and space competition. A single stem existing within a 
single hectare plot will provide a Maximum height that is equal to the Mean height 
which is also equal to Lorey’s height. In cases such as this the relationship of each 
height class with volume will be the same yet completely different from the 
relationships exhibited in communities of trees. With regards to interferometric SAR 
the height retrieved from the system will not correspond to Maximum height and 
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therefore will not correspond to the other classes investigated in this work. In areas 
that meet such criteria the need to incorporate environmental conditions into a height 
classification are required for height to inform on forest volume. If the plot capability 
is known in terms of the total basal area per hectare it is able to support then the 
presence of a reduced number of stems within this area will allow the relationship 
between height and the volume to be refined. If for example a plot can sustain 
30m
2
/ha of a particular species then the presence of only 3m
2
/ha in a scene can be 
deemed to be 10% of the stand capability. Within any particular collection of stands 
undergoing similar forest dynamics the relationship between Maximum forest height 
and volume can be constrained into a relationship following the process of equation 
(4.3) here named “Mod Lorey Height”. This process requires knowledge of the 
optimum basal area of the stand per ha (which may be determined from an 
appropriate model) as well as current basal area and Maximum tree height values 
which can be retrieved from current optical remote sensing methods (Wulder et al. 
2000) for example relating the canopy size of the forest and tree respectively to the 
required values (Gill et al. 2000; Popescu et al. 2003; Wu and Strahler 1994). Area 
restrictions are considered by dividing the current absolute basal area by the fractional 
area occupied to provide the relative basal area per ha. Knowledge of species to 
determine the potential basal area of a stand is required in addition to the knowledge 
of any resource restrictions and potential for growth.  
 
This process can account for all planting densities and species for both complete and 
partial area coverage.  
Height  Maximum
hectare)per    Area  Basal  (Potential
available)  hectare ofFraction    /  Area  Basal(Current  
 Height  Lorey    Mod ×=      (4.3)                
 
Mod Lorey Height can then be plotted against volume calculated by dividing the 
absolute volume value by the fraction of the area available for growth which in 
forested areas will typically be 1, resulting in a data spread as shown in Figure 4.12 
for Abies Alba and Angiosperm data. The correlation across species, planting 
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densities, and resource limitation shows the potential of such measurements if the 
maximum sustainable basal area of a species in a region can be estimated.  
 
Figure 4.12. Mod Lorey height eq.(4.3) for various planting densities of Abies Alba and 
Angiosperms. Data also plotted for reduced light intensities (L). All data are Abies Alba except those 
signified.  
 
If InSAR measurements of height were related to such a measurement as Mod Lorey, 
a height measurement that takes into account environment, and the nature of 
scattering through basal area dependence and Maximum height (indicating the weight 
and first instance of scattering), then a generic relationship with volume may be 




Forest height and volume are intricately linked, but it is Mean height that is most 
related to forest volume; across species, planting density, and resource variation. The 
possible variations in the relationship between Maximum height and volume under 
the same conditions are extremely variable, even when considered within the confines 
Resource/Species and 





of a monospecies scenario. When light is restricted it has been shown that the trees 
can not grow to the same maximum heights within the time frame of the study, 
therefore SERA predicts that at the highest plant heights the relationship with volume 
will significantly break down. Through the same conditions, the relationship of Mean 
height remains significantly more consistent.  
 
As a result of these findings it is important to identify when the SAR phase centre or 
the equivalent for LiDAR can be associated with the Mean height of the forest. 
LiDAR would be required to measure the Maximum height of each tree in order to 
ascertain a mean value, which is not economically or mechanically feasible, and 
methods involving SAR are similarly complex. While Maximum height and H100 are 
good predictors of volume across areas of variable resources and size, the inability of 
Maximum height to successfully predict volume across species boundaries, as well as 
amongst various planting densities, is a significant deficiency to its use in large area 
remote sensing. Therefore with regards to SAR remote sensing in particular, the 
weighting of the average height in favour of the basal area to produce Lorey’s Height 
allows a greater connection with the nature of microwave scattering than offered by 
H100 or Maximum height. Microwave scattering is dominated by relatively larger 
structures according to particular ratios between the wavelength of the incident wave 
and the size of the object. Any scattering phase centre, if deemed to be related to 
average height, would be weighted towards the relatively larger structures. For 
LiDAR the physical connection is not as clear but appears to be valid due to its 
relation to larger trees.  
 
The variation in the correlations between the examined height classifications and their 
relationships with volume have shown how the way we interpret forest height can 
vastly influence our forest volume estimations. As the heights often used in empirical 
studies tend to be related to Maximum height or samples of this measure it is clear 
that large errors exist through association with this parameter and may be greater 
when used at changing locations. The feasibility of remotely sensing Mean height 
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remains low and as the benefits of a relationship with H100 are less obvious and 
inherently less correlated with scattering physics this work recommends the use of 
Lorey’s height as an alternative to the H100 measure. Lorey’s height accounts for all 
trees, weighting the measurements towards the most dominant scatterers in a similar 
manner to radar interactions. If height measurements retrieved from LiDAR and SAR 
data correspond to Lorey’s height then it is also possible for basal area to be inferred 
through the additional knowledge of the number of trees within the study area, 
exhibiting clear advantages over the sample based H100 measure. 
 
It is important to keep in mind that this study relies heavily upon SERA, its use as a 
modelling tool is primarily based on its ability to predict empirically monitored 
behaviour. The ability to vary the allometry within the model using species definition 
allows forests of various allometric identities to be modelled independently and 
collectively within SERA. In effect this study has analysed the effects of individual 
allometry variations on the height-to-volume relationships of the forest through 
species definition. It has also, significantly, evaluated the consequences of collective 
forest allometry variations resulting from resource limitation and number density 
fluctuations to show that forest height and volume follow a complex relationship 










5 Vertical Backscatter Profile of Forests Predicted by 
a Macroecological Plant Model. 
 




The initial work of this chapter was conducted in 2009 and submitted to International 
Journal of Remote Sensing in 2011, it is currently in review. This chapter introduces 
the radiative transfer model RT2 described in Chapter 3.4 and is used here in 
conjunction with the tree growth model WBE of Chapter 3.1. As a collaboration 
between two independent models this work investigates the backscatter behaviour 
associated with tree structure, governed by the rules of resource supply upon which 
the WBE model is built. The WBE model in the form presented in this chapter allows 
user defined variations in scaling and number density. These variations allow the 
effects of vertical structure within a forest of identical stems to be analysed. Its 
simplistic form and provision of information regarding number density and size 
within a multi-layer environment makes it an excellent companion for RT2.  
 
This chapter provides an investigation into how vertical forest structure influences the 
SAR backscatter return by analysing the contribution made by individual branching 
layers and focusses on the direct volume scattering. The aim is to obtain a description 
of backscatter behaviour through the vertical profile of the forest which can be related 
to the number density and size of branches. This aims to establish the 
macroecological factors influencing backscatter responses. The backscatter behaviour 
in itself is analysed with regards to the scattering theories of Optical and Rayleigh 
scattering with hypotheses for potential backscatter behaviour directly related to these 
scattering theories and their particular dependencies discussed. The implications of 
vertical forest structure on the interpretation of interferometric data are considered in 
this chapter through the discussion of dominant scattering layers. This provides a 
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direct link with Chapter 4 in which the implications of horizontal stand structure and 
vertical distribution of volume on interferometric data interpretation were discussed. 
 
This chapter addresses the following questions: 
1. How does number density and size distribution within a generalised forest 
structure affect the vertical location of dominant backscatter? 
2. How does scattering regime change affect the distribution of backscatter? 
3. Do the assumptions made by (Crispin Jr and Maffett 1965) (Chapter 2.3) 
apply in a forest scattering scenario? 
4. How does scattering behaviour within the vertical profile of a forest inform on 
structure and what are implications for forest remote sensing? 
 
To address these questions this chapter uses the theories of Crispin and Moffat 
described in Chapter 2.3, that scattering within the Mie resonance region can be 
described by an extension of the Optical scattering regime, and using WBE and RT2 
investigates how structural effects and changing scattering regimes can directly affect 
the scattering centre of a forest. With regards to the relationships between forest 
height and volume described by SERA in Chapter 4 this study provides modelling 
evidence for the location of scattering centres below the top surface of the canopy as 
a consequence of number density and size distribution. It provides evidence for the 
importance of classifying height correctly for interferometry when used with 
allometry (see Chapter 1.4). Further investigation of the profiles produced in this 
study and interferometric consequences are conducted in Chapter 6 while the 
relationship between forest structure, scattering regime, and backscatter behaviour 
form a significant part of Chapters 7 and 8.  
 
This work including the modelling procedures was conducted by myself and 
influenced by the work of (Woodhouse 2006b). Additional help was provided by Dr. 




This study describes a new application of a macroecological model to describe the 
vertical profile of radar backscatter through a forest canopy.  Given layers of equally 
sized cylindrical scatterers, the model predicts that one layer within the forest canopy 
dominates the backscatter profile. This prediction is based on both first order 
theoretical approximations and results from a radiative transfer model parameterised 
by the macroecological model. This model is used to pre-empt specific backscatter 
trends with results predicting that Rayleigh and Optical backscatter follow negative 
and positive exponential trends respectively when plotted with respect to 
backscattering coefficient and branching level through the canopy.  A maximum value 
is predicted by the model associated with the branching level located at the 
transitional zone between Rayleigh and Optical scattering. This finding follows 
directly from the size density distribution within a forest combined with dramatic 
reductions in cross-sectional trends exhibited through the transition. It is a result 
unrelated to resonant scattering or the effects of penetration depth. The feasibility of 
describing radar interactions using geometric optics is explored when limits are 
imposed on the physical optics scattering solution.  
 
The findings offer a significantly new way of understanding the distribution of 
scattering from differently sized elements in a canopy, and challenges the widely held 
assumption that backscatter-biomass relationships saturate due to increased opacity 




In (Woodhouse 2006b) it was described how the macroecological plant model 
described by (West et al. 1997) could be used to parameterise a radar backscatter 
model, with the aim of predicting trends in backscatter and height as a function of 
vegetation biomass. This approach provided a new framework for making the 
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Random Volume over Ground (RVoG) model (Treuhaft and Siqueira 2000) 
incrementally more realistic.   
 
The aim of this article is to consider how this macroecological approach to 
simplifying forest structure can describe the vertical profile of the backscatter 
response.  The vertical profile is important in determining the relationship between 
scattering phase centre and forest height (Sarabandi and Lin 2000), in the modelling 
of polarimetric interferometry (Lavalle et al. 2009) and in radar tomography (Cloude 
et al. 2009; Cloude and Papathanassiou 2003; Cloude and Papathanassiou 2008b). 
 
5.3 The Forest Structure Model 
 
The macroecological model used is the “general model for structure and allometry of 
plant vascular systems” (WBE) developed by West, Brown and Enquist (West et al. 
1999b), (West et al. 1997). The WBE model has roots in a macroecological approach 
to explain allometric scaling law origins (Niklas 1994), later modified to describe 
plants with branching architectures. Despite some important limitations this model 
has key advantages making it an appropriate first-order linkage between simple 
backscatter modelling and models of biological function.  
 
The WBE model is also generically based on the constraints of biomechanics and 
resource distribution. The generic nature means that it can adequately describe “tree-
like” branching that results as a consequence of underlying biophysical constraints of 
fluid flow and rigidity (unlike fractal scaling models),  but as a consequence of its 
genericness it is not well suited to describing properties of specific species. 
 
5.3.1 Plant Structure from the WBE Model 
 
The advantages and disadvantages of using WBE for radar backscatter studies have 
been discussed in depth in (Woodhouse 2006b) and in Chapter 3 of this thesis. We 
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also take from this work the rationale for considering a range of empirical values of 
many key variables, rather than relying solely on generalised macroecological 
predictions favoured by (West et al. 1997). For completeness, however, the main 
power law relationships are summarised below. 
 
 
Figure 5.1. Main parameters in WBE model: scaling factor, a, branching ratio, n,. branching level k, 
and total number of branching levels for particular tree, N. 
 
5.3.2 Generalised Allometric Predictions 
 
 
The WBE model characterises geometric plant structure through a number of power 
laws derived from biological and biomechanical considerations of resource 
distribution within the plant (Enquist et al. 1999; Enquist et al. 1998a; Enquist et al. 
1998b; West et al. 1997, 1999b).  
 
The model uses five variables to describe the size and number of branch elements of a 
tree: (1) a scaling factor, a, determining how radii of branches change, or scale, 
within the plant; (2) the branching ratio, n, the number of daughter branches derived 
from one parent; (3) the length-to-radius constant of proportionality; (4) radius of leaf 
petiole, rN; and (5) number of branching levels N. In actual trees, all five of these 
parameters lie within a small range of values, and are likely species-specific. In 
broadleaf species N is likely to be related to the tree age and is the only variable that 
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would normally change over time. The age of conifers should perhaps be more 
appropriately represented by increasing n with older branches producing a greater 
number of daughters, but further development of WBE would be required for full 
incorporation of such a trend. 
 
The WBE branching network runs from the trunk (level 0) to the leaf petiole (level N) 
(see Figure. 5.1) with an arbitrary level in the plant branching network denoted by k. 
Note, however, that we might expect biomechanical properties of tilted branches in 
the canopy to differ from vertical stems. The value of n is typically 2 for broadleaf 
(decurrent) species, and larger (up to 5 or more) for conifers (excurrent). Within 
empirical studies, and specifically within literature on modelling radar backscatter, 
the value of a ranges from 2/3 to 4/3, with outwith values occurring very rarely, and 
are usually stem allometry associated (Woodhouse 2006b; Zianis and Mencuccini 
2004). For excurrent trees, the value for a in the branching structure is often 
approximately 2/3, representing geometric similitude, but stems can be better 
represented by some value greater than 7/6, similar to the case of stress similarity 
related to a = 4/3. Note that a value of a=2/3 coincides with geometric similitude 
models of plant structure, consistent with many observations of conifers (Niklas 
1994), but not dicots, which are more appropriately described by the elastic similarity 
model, a≈1.  Values of a>1 for stems are also suggested by other empirical data 
(Zianis and Mencuccini 2004). When the scaling factor is a=1, this describes the 
special case of the area-preserving “pipe model” (Shinozaki et al. 1964), whereby the 
plant is described by tightly packed pipe bundles.  
 
5.3.3 Branch Length 
 
The WBE model utilizes biomechanical constraints that predict some optimal 
relationship between branch length, l and radius, r, such that:   
lk∝ rk2/3a                                                                                                                 (5.1) 
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The stem level is represented by k=0, so that l0 represents trunk height, and r0 radius 
(assumed to equate to half diameter at breast height (DBH) in field studies).  
 
5.4 Methodology 
5.4.1 Modelling Strategy 
 
Using branching descriptions given in previous section, it is possible to model a tree 
canopy as N levels of branching cylinders, going from k=0 to k=N, as shown in 
Figure. 5.1. The WBE model can then be used in one of two ways. Firstly, it is 
possible to make a first order estimate of backscatter trends with height using some 
approximations based on whether the cylinders lie in the Rayleigh or Optical 
scattering domain. The second is to use WBE to parameterise a full multi-layered 
radiative transfer model to predict backscatter response.   
 
5.4.2 First Order Estimate of Trends 
 
In this case we consider the backscatter trends as a function of branching level, k. If 
we further assume that the length at each branching level is indicative of layer depth 
we can also consider the trends as a function of height, z. Note, however, that while k 
need not correlate directly with z, it will tend to correlate with depth into crown, such 
that the smallest elements are located on outer parts of the crown. The crown shape 
itself is not described by WBE so is not considered, although it is recognised that this 
would be an important consideration in some circumstances particularly at high radar 
frequencies although the effect of shape is reduced when considering a monospecies, 
mono-age forest at the stand level. 
 
Let us consider two extremes:  (1) where the branch cylinders lie completely in the 
Rayleigh scattering domain; and (2) where they lie entirely in the domain of Optical 
scattering. The projected backscatter within these regions is visualised in Figure 3.4 
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Chapter 3.3 of this thesis with further examples found in (Walton and Young 1984) 
and chapter 11 of (Skolnik 1970). Although these theories were developed for 
spherical elements, the Rayleigh, Optical and Mie theories can be used with other 
fundamental shapes such as “spheres, plates, cylinders and the like” (Woodhouse 
2006a). Previous work by Karam et al. (Karam and Fung 1988) suggested the 
Genaralised Rayleigh-Gans (GRG) approximation would be appropriate for the 
consideration of infinite cylinders, but it is also clear in this work that the trends 
remain the same between both the Rayleigh approximation and the GRG with the 
radiative transfer model used in this work regarding the scatterers as infinite 
cylinders. In the Rayleigh case we assume the backscatter from each cylinder 
increases with the square of the volume (Smith and Ulander 2000), while for Optical 
we assume it increases with physical cross-section (Kononov and Ka 2008). At the 
transition between these regimes lies Mie scattering – here we make an 
approximation that assumes resonant behaviour “averages out” across this region 
giving the cumulative effect of a distribution of branch sizes, an assumption 
supported by empirical results in (Crispin Jr and Maffett 1965; Lopes et al. 1991), and 
(Mougin et al. 1993).   
 
WBE allows us to address the relative contribution to the backscatter from the 
different branching levels as both branch size and number density vary. In both 
Rayleigh and Optical scattering, the backscatter is greater for larger cylinders, as area 
and volume will both be larger, but for any given canopy the number density 
increases as the cylinders get smaller. Higher in the canopy, there are a greater 
number of smaller scatterers. The dominating factor must then be determined: is it the 
increase in size of scatterers or their decrease in number that dominates the 
backscatter?  As this study is grounded firmly on the importance of backscattering 
trends the following equations are presented as a series of proportionalities (Cox et al. 
2002; Holt 1959; Knott et al. 2004). The coefficients are as outlined by the WBE 
model parameters.  
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For Rayleigh scattering the total radar cross-section (RCS) of the k-th branch level, 
with Nk elements, is given by the square of the branch volume, V, multiplied by the 
number of branch elements: 
.2kkRayleigh VN∝σ                                                                                                       (5.2)   
    
Using the relationship between length and radius of equation (5.1), we can then write 




































                                                                                                                     (5.3)    
 
The relationship, rk = rNn
(N-k)a/2
 can then be introduced, which is a rewritten 
expression from WBE, recognising rN, r0 and n, number of daughter branches from 
any parent, to be constant for any individual decurrent tree as preferred by WBE 
(Woodhouse 2006b),  allowing the expression to become: 
.3/)16(,
−−∝ akRayleighk nσ                                                                                                 (5.4) 
 
The trend for Rayleigh scattering is shown here as an inverse exponential of 
branching level, k, governed by n, the number of daughter branches, and a, the 
scaling parameter. The maximum backscatter originates from the largest branches 
with size dominating over number density when all branches scatter according to the 
Rayleigh definition of equation (5.4). This result is most amply illustrated by VHF 
radar measurements whereby the stems of the trees dominate the backscatter 
response, as seen in (Melon et al. 2001) and (Smith-Jonforsen et al. 2005). While this 
derived result could be taken for granted, it should be noted that theoretically, at least, 
a branching structure could exist with a=1/6 meaning that the backscatter contribution 
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would be equal for all branching levels. However, we have not yet encountered 
evidence for such a low value of a therefore simulations are not carried out for such 
low values.  
 
In a similar manner, the scenario whereby the radii of all the branches are large 
enough for the cylinders to scatter completely in the Optical region is now 
























                                                                                                 (5.5) 
 
Here we assume a sufficiently thin canopy that occlusion is insignificant (as 
monitored through examination of extinction values within the backscatter modelling 
process) and geometric optics applies. 
 
Again equation (5.5) shows an exponential trend, but positive as a result of number 
density exerting greater influence than increasing cylinder sizes. Whereas for 
complete Rayleigh scattering the maximum contribution is at k=0 (the stem), for 
complete Optical scattering the maximum contribution is at k=N with the majority of 
the scattered energy coming from the smallest branch elements at the top of the 
canopy. This corresponds to the common understanding that at short wavelengths, 
backscatter is dominated by smaller elements and is influenced more by number 
density. (Note that this is the case even when canopy is low density and attenuation is 
negligible).  
 
However, this need not always be the case – the Optical exponent is significantly 
smaller so that the effect is not as dramatic, and reduces as a gets larger, such that it 
will be independent of k when a=4/3, and negative thereafter. Again we have not 
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found sufficient empirical evidence to suggest values of a larger than 4/3 for trees, 
although investigations by (Chave et al. 2001) and (Zianis and Mencuccini 2004) 
have published values which slightly exceed 4/3 based on previously published data. 
The expression ultimately shows that under normal circumstances, within forests with 
regards to Optical scattering, the number density has the dominant effect on 
backscatter. 
 
In both cases the result is an exponential trend of total backscatter with branching 
level, but with opposite signs (for 1/6<a<4/3) such that in the general case there will 
be a stage whereby the top of the canopy is still Rayleigh scattering but that the 
lower, larger branches have entered the Optical region. The combined effect is one 
branching level that dominates the scattering. When canopy opacity is low, this 
dominant level will correspond to the layer where the radii of the branches lie within 
the Mie scattering region. This result is in keeping with established understanding of 
backscatter from forests – that scattering is dominated by a particular branch radius in 
the Mie region defined as 0.1λ < 2πr < 10λ (Moosmuller and Arnott 2009; 
Woodhouse 2006a). Note, however, that here the result follows directly from the size 
density distribution combined with dramatic reduction in cross-section from Rayleigh 
to Optical, and is not related to "resonant" scattering or penetration depth. This 
presents a new way of understanding the distribution of scattering from differently 
sized canopy elements.   
 
5.4.3 Geometric Optics Assumptions 
 
In this section we provide further justification for the use of a simplified geometric 
optics approach to modelling the trend in backscatter from a cylinder. The physical 
optics formula for the radar cross section of a cylinder is shown below where k is the 
wavenumber, r the cylinder radius, l the cylinder length and θ represents the incident 
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By taking an average value over a symmetric window of incidence angles centred at -




























= ∫                          (5.7) 
As this window approaches zero the small angle approximations of cosθ =1 and     
sinθ =0 apply, and following a change of variable and subsequent integration we get 
the closed form formula for the average RCS of a cylinder around broadside, equation 


























                                                                            (5.8) 
According to the rules of the sine integral function Si(x), as the argument (x) 
approaches zero, Si(x) will tend to x. Similarly by taking the limit of the angular 



































                             (5.9) 
Where the window tends to zero and is approximately representative of the broadside 
angle the average radar cross section is proportional to the frequency and the cylinder 
volume. But in the limit of large arguments where 2kl
wθ  is large the function  
Si( ) tends to π /2. Under the limits of klθw tending to infinity (equation (5.10)) we 

























                 (5.11) 
This frequency invariant equation is then a function of the physical cross section of 
the cylinder in accordance with geometric optics. A full progression of the working is 
found in (Hestilow 2000). 
 
Figure 5.2. RT2 P-Band HH backscatter from 20 and 13 layer forests. Trends remain the same with 
respect to branch radii although when compared with branching layer the trend differs due to location 
of dominant radius on different branching levels. 
 
5.4.4 Attenuation Considerations 
 
As a forest matures, the dominant layer rises higher in the canopy with additional 
growth concentrated in the lowest branching levels, specifically in the stem. When 
forest thinning maintains a constant forest basal area, the upper part of the canopy 
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does not change with forest growth as increasing branch numbers for individual trees 
are exactly balanced by decreasing tree numbers. The result is that saturation on 
backscatter biomass plots could occur not because of increasing opacity, but because 
of the biophysical constraints of forest growth combined with Rayleigh-Optical 
transitions. The role attenuation plays in this work is not considered significant and is 
visualised in Figure 5.2 which consists of a high (20 Layers) and low attenuation (13 
Layers) example, similar trends are exhibited, and the effect is shown through 
modelling to be independent of frequency. Similarly in Figure 5.3 where attenuation 
is varied by reducing the number of trees present. In each case penetration is 
monitored to ensure transmission through each layer. Visualising the role of 
attenuation is necessary due to the inbuilt attenuation considerations found in 
radiative transfer models when energy is transmitted to deeper lying layers. This is 
shown in Figure 5.4 where backscatter from a series of uniform layers is modelled. 
The effects of layer attenuation are shown here to enforce the understanding that the 
vertical backscatter trends exhibited in this work will not be driven solely by 
attenuation with other factors clearly playing a part. 
 
Figure 5.3. RT2 P-Band HV polarisation backscatter from each branching level of forest consisting 
of 18 branching levels with initial planting densities of 10000 and 50000ha
-1
. Trends remain regardless 




Figure 5.4. RT2 HV polarisation P-Band backscatter variation in presence of 6 identical branching 
layers in terms of numbers and size. Attenuation from each layer results in reduced backscatter from 
the lowest layers. 
 
5.5 Results 
5.5.1 Radiative Transfer Modelling 
 
RT2, (Cookmartin et al. 2000) a multi-layer second order radiative transfer model 
(similar to the MIMICS model used in (Imhoff 1995b) and the UTACAN model used 
in (Woodhouse and Hoekman 2000)), was used to investigate trends in vertical 
backscatter profiles relative to different WBE associated values, with an emphasis on 
scaling exponent a,  at P-band (0.7m).). 
 
RT2 is a fully polarimetric, second-order solution to the radiative transfer equations 
that treats vegetation canopy as a plane-stratified multilayer region over a rough 
surface. In this model simple geometric forms are used, for example, plant stems are 
represented as finite-length cylinders, while leaves can be modelled as plane-circular 
or elliptical discs. The multilayer facet of this package allows different sized 
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cylinders to be positioned on different layers in accordance with WBE model 
structure. For the branches and stems in this instance scatterer shapes are cylinders 
based on the infinite cylinder scattering solution (Lin and Sarabandi 1995; Stiles and 
Sarabandi 1996) with uniform axial distribution. The branches also have spherical 
distribution of inclination angles. 
 
Each layer of the RT2 model was comprised of equal-sized, randomly oriented 
cylinders parameterised by WBE for a given n (which determines branching rate) and 
a (determining subsequent size scaling of branches). This includes the stems (k=0), 
with the comparison between vertical and non-vertical stems and their effect on the 
backscatter also considered (and identified to produce higher volume backscatter 
when orientated non-vertically but with negligible effect on important trends). Each 
layer in RT2 corresponds to a branching layer in WBE. The petiole radius, the 
dielectric properties of each cylinder and the constant of proportionality, all remain 
fixed with a radar incidence of 25 degrees used throughout as used in modelling 
studies at VHF and P-Band by (Chauhan et al. 1991).  Note that in this study, the 
contribution from the ground is ignored since interest lies only in the vertical profile 
through the canopy, not total backscatter. 
 
The result of parameterising RT2 using WBE is that total backscatter can be broken 
down into contributions from different branching levels and therefore heights within 
the canopy. This is shown in Figure 5.5 in which it is shown how backscatter with 
respect to height matches with the theoretical contributions of Optical and Rayleigh 
scattering derived from the equations (5.4) and (5.5). In this scenario the theoretical 
Optical backscatter appears to be the main contributor at levels below k=4 
corresponding to the lowest branching levels and largest branches. At heights above 
k=4 the contribution is Rayleigh dominated, hence the shape of the RT2 response as a 
function of branching level with the gradient of the Rayleigh section matching closely 





Figure 5.5. P-Band backscatter as function of branching level and height showing vertical profile for 
a relatively sparse forest case of 500 stems ha
-1
 following thinning from a planting density of 100000 
stems ha
-1
.  Theoretical trends for Optical and Rayleigh from equations (5.4) and (5.5) included using 
arbitrary units.  RT2 modelling results shown for HH and HV polarisations as function of branching 
level, k.  HV results also shown as a function of normalised height in the canopy. 
 
A similar relationship is seen for VHF band shown in Figure 5.6 (a) where, again, 
distinctive contributions to the backscatter are associated with Rayleigh and Optical 
scattering. In both Figures 5.5 and 5.6 (a) the peak backscatter contribution originates 
at the branching level, and height, corresponding to the interception of the theoretical 
Rayleigh and Optical scattering contributions. As we know there exists a region of 
Mie scattering between these scattering regimes we assume that this region averages 
out due to its periodic behaviour with respect to the size of object and wavelength, we 
then define this point as the transition from Rayleigh to Optical. This result supports 
the theoretical prediction that this transition is the most probable cause, and location, 





Figure 5.6. RT2 model results for (a) VHF-Band and (b) X-Band SAR data parameterised using 
WBE under identical scaling parameters (different to those of Figure 5.2). Theoretical Optical and 
Rayleigh trends from equations (5.4) and (5.5) included.   
 
In Figure 5.6 (b) it is shown that there is no contribution to the backscatter from 
Rayleigh scattering due to the minimum size of the branching elements used in the 
modelled forest with respect to the wavelength of X-Band (0.03m). The minimum 
branch size, the petiole radius, is 0.0015m in comparison to the expected Rayleigh-
Mie transition radius of 4.8x10
-4
m.  As a consequence of this, the Rayleigh 
relationship of equation (5.4) has no contribution to the backscatter, a fact which does 
not escape inspection of Figure 5.6 (b). The lack of transition from Rayleigh to 
Optical scattering does not indicate that backscatter saturation effects will not occur 
with respect to volume but simply that the initial Rayleigh scattering component will 
be absent. Modelling of much smaller scattering elements reveals the existence of the 
dominant branch size at X Band and likewise for larger branches at VHF (see Figure 
5.7) which also includes P-Band data. The absence of a dominant scattering layer in a 
natural setting may be due to multi-age or multi-species stand composition. 
 
For the 10GHz (X-Band) case, Figure 5.6 (b), the opposite relationship is seen to that 
of VHF with the HH modelled data matching the theoretical representation of Optical 
b) X-Band a) VHF 
 147 
scattering. In this case the dominant scattering level is clearly the highest branching 
level appearing to contain little contribution from Rayleigh scattering with the ratio of 
wavelength to branch radius at this frequency such that the smallest branches of the 
forest are completely within the Optical scattering regime. 
 
Figure 5.7. RT2 Multifrequency backscatter analysis of identical forests as a result of particular 
branch radii occupying branching levels and dominating backscatter. Branching radius of dominant 
branching layer reduces with reducing incident wavelength. 
 
Figure 5.7 shows the dominant height, branching radius and branching level, 
illustrating that the dominant radius reduces in height location within the canopy 
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when the incident frequency is reduced. The relationship between backscatter and the 
ratio of wavelength to scatterer size is a relationship of mutual dependence. Within 
the WBE model this indicates that the dominant radius will become larger with an 
increasing wavelength. The resultant backscatter distribution among the branching 
levels for the VHF frequency of 50MHz shows that the dominant branching layer 
appears to be at the branching layer 0 but does not match the theoretical description 
of Rayleigh scattering.  
 
 
Figure 5.8. RT2 model results for P-Band SAR parameterised using WBE. Backscatter trends plotted 
against branching level for large planting density of 100000 ha
-1
 before undergoing large scale thinning 
with each additional layer increment. Backscatter values show trends not absolute values. Theoretical 
trends for Optical and Rayleigh contributions from equations (5.4) and (5.5) included.  
 
The effect of the scaling parameter on the vertical backscatter distribution is 
investigated in Figure 5.8 and is such that the larger the scaling parameter the higher 
the location of the dominant branching level. Results are shown in the figure for 
scaling parameters a=2/3, a=1, and a=4/3 with stem DBH and height for a=1 being 
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0.096m and 11.8m, for a=2/3 being 0.03m and 1.35m and for a=4/3 0.3m and 34.87m 
respectively. Within the vertical profile this suggests that the branching radius of 
dominance remains the same irrespective of overall forest scaling parameter value, a 
result verified through multiple simulations and shown as a function of radius in 
Figure 5.7. One consequence of varying scaling parameter is that the number density 
per unit volume of the branches at a similar branching level will differ, although for 
each modelled backscatter response the number of branching elements in a particular 
branching level will remain the same due to constant n. The number density per unit 
volume will vary in such a way that it will be lower for the larger branch length 
increments incurred by lower scaling parameters. This is a consequence of the WBE 
relationship of equation (5.1).  Several planting densities exposed to thinning rates 
which maintain stand basal area with each growth increment have been trialled 
through this study ranging from 50 to 500000 trees per hectare with the same 
conclusions evident. Typical basal areas are around 30m2ha-1 (Chave et al. 2001). 
 
The peak backscatter response in the 429MHz (P-band) case corresponds to the 
branching layer with a radius of approximately 0.010–0.015m lying within the 
expected transition from Rayleigh to Optical scattering with regards to the 
approximate limits of the Mie scattering regime stated as 0.1λ < 2πr < 10λ 
(Moosmuller and Arnott 2009; Woodhouse 2006a), with the transition to Mie 
scattering from Rayleigh scattering in the region where  2πr is approximately 0.1λ. 
0.011m would therefore satisfy the radius value in the equation kr/0.1 = 1 for P-band. 
For 10GHz (X-band) the expected radius value is smaller than the petiole radius 
(0.0015) used in this study whereas for 50MHz (VHF-band) this value would be in 
the region of 0.09m. For any given modelled canopy, as a forest develops, the 
dominant layer becomes higher in the canopy since further additional growth takes 
place mostly in the lowest branching levels. Note that when a=1, and the basal area 
remains constant as volume increases (signifying a forest in balance with its 
resources, the upper part of the canopy does not change with growth so that the 
number density of the dominant layer remains constant with increasing biomass. 
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However, when the rate of thinning is such that basal area increases, or for scaling 
parameter less than 1, the canopy properties change, with the upper layers 
progressively becoming denser, increasing the proportion of Rayleigh scatterers.  
 
5.6 Discussion 
5.6.1 Predictions and Implications 
 
This work offers one key prediction; that backscatter will be dominated by a single 
scattering layer, resulting from the transition from Rayleigh to Optical scattering. For 
the low opacity case, the trends are exponential relationships, but with opposite signs 
– for Rayleigh scattering the backscattered power decreases with depth into the 
canopy, whereas for Optical scattering it decreases with height. Once the largest 
branching elements encroach into the Optical regime, results indicate a single 
dominant scattering level. Both trends are governed by the scale parameter and are 
based on an assumption that backscatter for each layer scales as the number density 
multiplied by the square of the cylinder volume for Rayleigh or by the physical cross-
sectional area for Optical scattering.  
 
An important follow-up use of this model would be to explicitly consider the impact 
of number density variations on the height profile since a high thinning rate would 
reduce canopy opacity and therefore influence penetration depth through the canopy. 
One important implication of this work is that it may offer an explanation for the 
varieties of behaviour observed in standard radar backscatter-biomass plots. In some 
cases,  there are transitions from positive to negative correlations following apparent 
“saturation” in the literature for X, C and L-band data in (Ranson et al. 1997), (Rauste 
et al. 1994) and less obviously (but still apparent) in (Baker et al. 1994), (Imhoff 
1995b), and (Dobson et al. 1992). Elsewhere, (Ranson et al. 1997) observed an 
increasing positive correlation with P-band beyond the widely recorded saturation 
limit of 100-200 tha
-1
. It is proposed that these patterns are a result of the backscatter 
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being dominated by the single scattering layer, which can change as canopy number 
densities vary, influencing both the total backscatter, but also the penetration depth 




Sensitivity at longer wavelengths to deeper, larger elements in a forest canopy need 
not happen because of resonance (larger elements always scatter more), nor need it be 
related to opacity (penetration depth) of the canopy. The particular sensitivities as 
modelled by RT2 appear to relate to the balance of individual element cross sections 
and number densities at each branching level. The geometrical construction of a tree 
is such that the number density of branching elements is greater at higher levels and 
decreases with canopy depth, inverse to branch size. The level of this increase can be 
described by macroscopic scaling properties.  
 
Simulations involving the RT2 radiative transfer model at several planting densities, 
and using multifrequency simulations correspond with the theory that a dominant 
scattering level is present due to transition in scattering from Rayleigh to Optical 
caused by the increase in size of branching elements with canopy depth and a switch 
in dependence from number density, with regards to Optical scattering, to size, with 
regards Rayleigh. This holds true for the majority of typical microwave frequencies 
used in forestry applications but different situations exist at the extremes such as for 
VHF (Fransson et al. 2000b). In the case of VHF, branching elements are believed to 
predominantly scatter in the Rayleigh regime due to the large wavelength to branch 
radii ratio. Inversely the relationship at high frequency bands such as C or X will 
always be dominated by Optical scattering by the smallest scatterers on the canopy 



































6 A study of forest vertical structure estimation using 
coherence tomography coupled to a macro-
ecological scattering model 
 




This chapter was written in 2009 and published in the Proceedings of IGARSS 09. It 
combines the ideas of the two previous chapters by using vertical backscatter profiles 
generated in the manner of Chapter 5 and considers similar discussions regarding 
interferometry to that of Chapter 4. Each of these chapters relate the scientific work to 
the importance of forest structure when interpreting radar data.  
 
This chapter asks the following questions: 
1. How well do coherence tomography methods replicate forest heights using 
modelled vertical backscatter distributions? 
2. Is the Random Volume over Ground model (RVoG) (Chapter 1.3.2) of 
attenuation appropriate for describing forest backscatter and adequate for use 
in height inversion? 
3. How well do Gaussian and Legendre spectrum coherence tomography 
methods compare to RVoG? 
4. How does alteration in the vertical forest structure change the effectiveness of 
these methods? 
5. How do modelled compare to empirical findings from an empirically surveyed 
forest? 




This chapter aims to answer these questions by employing the WBE (Chapter 3.1) 
model for forest structure and the RT2 radiative transfer model (Chapter 3.4) to 
simulate backscatter behaviour. Forest structures typical of the WBE design (Chapter 
3.1; (West et al. 1997)) are used with comparisons also created by the variation of 
branching distributions to produce fuller canopies. Using coherence tomography the 
ability of each method to replicate the backscatter distribution of these modelled 
forests is tested. An accurate forest height inferral is the desired outcome. 
Comparison of the methods deemed successful using modelled data is conducted with 
respect to empirical data from the Remningstorp test site with modelled data provided 
for multiple baselines and spectrum orders. 
 
The main body of this work was written by Professor Cloude with all inclusions 
relating to the WBE model, forest structure and radiative transfer provided by myself. 
All forest modelling, including WBE modifications and backscatter modelling was 
conducted by myself with the application of the Legendre function and subsequent 





In this paper we combine a macroecology forest model with a numerical scattering 
code to estimate the vertical scattering profile of L-band penetration into forests. 
Using these simulations and the methods of coherence tomography we examine 
whether using the “Random volume over ground” model (RVoG), a mixture of 
Gaussians, or the 1st and 2nd orders of the Legendre spectrum are able to replicate 
the vertical volume backscatter profile of WBE simulated forests in the absence of 
ground scattering and using one or two interferometric baselines. Different forest 
structures are examined based on the distribution of branching through the height of 
the forest and are compared with experimental data collected from Remningstorp test 
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site Sweden. We also show that structure and the dominance of ground scattering 
have an important impact on interferometric coherence and hence on height 
retrievals based on single baseline polarimetric interferometry. We conclude with 
some suggestions for dual baseline extensions to allow for better height and structure 





This paper is concerned with a study of the use of single-pass radar interferometry to 
estimate vertical structure variations in forested environments. It has been shown in 
previous studies that forest height can be estimated using polarimetric interferometry 
or POLInSAR (Cloude 2006; Cloude and Papathanassiou 2003), but here we show 
that there is potential also for estimating vertical structural parameters related to 
species variations and growth conditions. Key to our study is a fusion of two ideas; 
the first is use of a macroecology model for forest structure and its coupling to a radar 
backscatter simulation to obtain a vertical scattering profile. We then couple this to a 
3-D radar imaging technique called coherence tomography (CT), which enables 
reconstruction of the vertical profile up to a resolution dependent on the number of 
baselines available. Particular interest is paid to the ability of methods involving the 
Legendre spectrum. We show calculations at L band and conclude as to the potential 
of this technology for application in future single-pass interferometer missions such 
as Tandem-L (Krieger et al. 2009). 
 
6.3 Methodology 
In this study we make extensive use of a macroecological vegetation model first 
developed by West Brown and Enquist (West et al. 1997) (the WBE model) and 
developed for radar applications by Woodhouse (Woodhouse 2006b). WBE 
characterises the geometric structure of a plant, and by extension to a collection of 
plants in mutual competition, through a number of power laws derived from 
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biological and biomechanical considerations. Figure 6.1 shows how the multi-scale 
aspects of the model can be used to build structure. 
 
 
Figure 6.1. Main parameters in WBE model: scaling factor, a, branching ratio, n, branching level k, 
and total number of branching levels for particular tree, N. 
 
In summary, it proposes a 6-parameter model to represent variations in both 
horizontal and vertical structure as described below: 
 
a = scale factor (how radii of branches change within the plant). For example, a = 1 is 
area preserving pipe model. A more typical value is around 2/3, but variations 
occur between species. Generally speaking, low values of a are associated with 
‘bushy’ canopies while large values with bulky stems. 
N = number of branching levels (level 0 trunk, level N petiole). 
n = branching ratio (number of daughter branches from parent), for example, n = 2 for 
broadleaf species and n= 6 for conifers. 
rk – radius of cylinder at scale k, so r0 = radius of trunk and rN radius of petiole. 
l/r = length-to-radius ratio of cylinders. The WBE proposes an optimum power law 
relationship between branch length and radius. 
 
These five are augmented by an additional parameter governing horizontal scale 
variations. These are of particular importance for any remote sensing technique that 
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measures spatial average parameters rather than individual tree properties.  Such is 
the case for low-to-moderate resolution spaceborne SAR systems such as SIR-C, 
RADARSAT, ASAR, and LightSAR operating in the ScanSAR mode (Currie and 
Brown 1992). (ScanSAR achieves a wide swath coverage by periodically switching—
on the fly—the antenna pointing in several range “subswaths” (Guarnieri and Rocca 
1999)). In the case of ERS SAR data, a low resolution image is commonly used to 
refer to an image with spatial resolutions ranging from 100 to 200m). This parameter 
derives from the stem density (number of stems/ha) and often relates to the thinning 
practices in a forest. 
 
d = thinning exponent.  This ranges from 0 for constant number density (no thinning) 
to 3 for situations with a high rate of stem mortality not driven by competition alone.  
 
These structure parameters have an impact on the estimation of biomass from height 
for example. According to WBE model height h is related to average biomass M by a 
power relation of the following form (Woodhouse 2006b): 
 
M ∝ h(6a +2−3da )/ 2 = h x                                           (6.1) 
 
We see that the relationship depends on structure, primarily via the two parameters a 
(relating to vertical structure) and d (relating to horizontal structure).  
 
6.4 Coupled Ecology and EM Scattering Model 
 
Using the branching description given in the previous section, it is possible to model 
a tree canopy as N levels of branching cylinders, going from k=0 to k=N, as shown in 
Figure 6.1. The WBE model can then be used to parameterise a full multi-layered 
radiative transfer model to predict the backscatter response. Here we employ RT2, a 
multi-layer second order radiative transfer model (Cookmartin et al. 2000) similar to 
the MIMICS model used in (Imhoff 1995b) and the UTACAN model used in 
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(Woodhouse and Hoekman 2000). RT2 was used to investigate the trends in 
backscatter associated with different values of a and d, at L-band wavelengths (λ = 
0.2m) and for 25 degrees incidence. Each layer of the RT2 model was comprised of 
equal-sized cylinders parameterised by the WBE for a given n and a. Each layer in 
RT2 corresponds to a branching layer in WBE. The petiole radius, the dielectric 
properties of each cylinder and the constant of proportionality, all remain fixed. In 
this way we can obtain direct estimates of the average vertical scattering profile 
through a forest, taking into account single and multiple scattering as well as wave 
extinction effects. Our objective is now to see to what extent such profiles can be 
reconstructed by single or dual baseline radar interferometry. 
 
6.5 Coherence Tomography 
 
To estimate vertical structure, we propose a technique for 3-D radar imaging called 
coherence tomography (CT), which can be used to estimate a band-limited form of 
the vertical scattering profile (Cloude 2006). This technique, in distinction to other 
tomographic approaches, requires data for only 1 or 2 baselines and hence is well 
suited for application to future single-pass space sensors such as Tandem-L. Details 
of the coherence tomography approach can be found in (Cloude 2006, 2007). In 
general there are four approaches to CT in the literature, the original RVoG model 
(Cloude and Papathanassiou 2003; Treuhaft et al. 1996) which is a two –layer model 
composed by a vegetation layer (trunks, branches, leaves or needles) and a ground 
layer. The vegetation layer is modelled as a layer of given thickness hv and random 
orientation with wave extinction σ. This model fits the best exponential profile to the 
data. The next approach is to use a mixture of Gaussians originally proposed in 
(Garestier et al. 2008; Treuhaft et al. 2002) and extended for finite bounds in 
(Garestier et al. 2008) and finally the Legendre spectrum to first or second order 
(Cloude 2007). Here we consider the performance of each of these for single and dual 
baseline estimation. Figure 6.2 shows a sample L-band forest profile obtained from 
the WBE model and used in RT2. The trees have a height of 21m and a general 
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structure of branches becoming smaller and more numerous with each additional 
branching layer moving away from the forest floor. The tree structure presented in 
Figure 6.1 can be used by the reader to establish a visual connection with the general 
structure of the forest. In modelling terms they are generated by the following 
parameters a= 4/3, d= 0, stem density = 2000 trees/ha and biomass around 150 t/ha. 
In the centre we see the predicted backscatter (in dB) while on the far right the 
corresponding normalised vertical profile. We see scattering is dominated by the 
upper canopy layer, but the scattering shows a peak below the top due to the variation 
of cylinder size with height embedded in the WBE approach.  This is a typical non-
RVoG type profile. 
 
 
Figure 6.2. RT2 HV L-Band vertical scattering profile for a 21m pine forest model produced using RT2. 
Backscatter shown on (left) and relative scattering on (right) using linear values. 
 
We can now use this profile to predict the observed interferometric coherence for a 
single pass L-band interferometer (Cloude 2006; Cloude and Papathanassiou 2003). 
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The results are shown in Figure 6.3. Here in black we show the coherence for the 
actual profile and in green, red and magenta the coherence contribution from the 
zeroth (SINC), second and fourth order Legendre expansions (Cloude 2007). We note 
that the coherence predicted is much higher than those observed in real L-band data 
(Cloude and Papathanassiou 2003; Eriksson et al. 2003). One reason for this can be 
the presence of surface scattering (which is here ignored). We can however use our 
volume-only coherence to bound the effect of arbitrary surface scattering (assuming a 
random volume) as shown in blue in Figure 6.3. Here we show the effect of mixing 
our volume prediction with surface scattering by calculating the minimum coherence 
observable by the interferometer (Cloude and Papathanassiou 2008a). These 
coherence bounds are much more in line with those seen in experimental data (Lee et 
al. 2008).  We can now use this coherence to estimate the profile using single baseline 
coherence tomography. Figure 6.4 shows results for four different methods. 
 
Figure 6.3. Predicted interferometric coherence for vertical profile of figure 6.2 and variable 
baseline/height product Kv (Vertical Wavenumber).  
 
We see a slight underestimation of height and poor reconstruction of the actual shape 
from a single baseline (the Gaussian provides the best fit). With two baselines we can 
do much better as shown in Figure 6.5. Here on the right we show the Legendre 
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spectrum (up to 7
th
 order) of the true profile and on the left show the various 
reconstructions for single (red), dual (magenta) and triple (blue) baselines. One 
baseline produces 3 orders of Legendre spectrum while further additional baselines 
add two orders each. We see that dual baselines already provide a good estimate. We 
can further simulate the case for smaller pine tree forest structures as shown in Figure 
6.6. The structure sees a greater value of n in the older branches. Here we have a 
fuller canopy from ground to top. Its Legendre spectrum is shown on the far right and 
again we note significant spectral components beyond the single baseline case (shown 
in red) with very different spectral amplitudes observed for each order in comparison 
to those of Figure 6.5. Again, as with the scenario of Figure 6.5 the Gaussian basis 




Figure 6.4. Estimated heights and profiles (red) using different coherence tomography techniques 
versus the true RT2 HV profile (blue). From (left) to (right) RVoG model of increasing attenuation 
with depth, Gaussian function, Legendre function 1
st







6.6 Comparison With Experimental Data 
 
We now move on to compare these simulations with profiles reconstructed from a 
real pine forest. We use L-band repeat-pass POLInSAR data from the DLR E-SAR 
system for the Remningstorp test site in Sweden. The prevailing tree species are 
Norway spruce, Scots pine and birch with a dominant soil type of till with a field 
layer, where present, of blueberry and narrow thinned grass. Tree heights are in the 
order of 20m with local maxima of up to 30m. The topography is fairly flat with 
terrain elevation above sea level ranging between 120 and 145m. Ground 
measurements have been taken at the test site for decades making it an ideal location 
for remote sensing experimentation and has been used in studies such as (Fransson et 
al. 2008; Lee et al. 2009; Lee et al. 2008; Tebaldini 2009; Ulander et al. 2000). 
 
 
Figure 6.5. Legendre spectrum estimates of RT2 L-band profile (right) and corresponding 
reconstructions (left) for a 21m forest model featuring a concentration of branching elements towards 
the top of the canopy. Red represents single, magenta double, and blue triple baseline datasets and 
corresponding Legendre spectrums. Black represents actual profile. 
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For this forest test site, reference LiDAR height data is also available to provide a test 
of height estimation accuracy as used in (Lee et al. 2008). Figure 6.7 shows profiles 
from coherence tomography using the ‘optimum’ volume polarisation channels i.e.  
the ones with the minimum surface component across all possible polarisation states 
(Cloude and Papathanassiou 2003) for sample pixels in short (upper) and tall (lower) 
trees. In blue we show profiles reconstructed from the radar coherence but using the 
LiDAR height and in red the radar derived height and profile. Notice that for the 
shorter trees the profile increases with depth, indicating significant effect of the 
surface layer scattering. The taller trees are less affected but from the 2nd order 
Legendre response we see some evidence of a surface component even here. Again 
we see how the Gaussian and Legendre estimations are much more appropriate for 
height inversion than the commonly used RVoG model. 
 
 
Figure 6.6. Legendre spectrum estimates of RT2 L-band profile (right) and corresponding 
reconstructions (left) for a shorter pine tree forest featuring a fuller canopy from ground to top. Red 
represents single, magenta double, and blue triple baseline datasets and corresponding Legendre 
spectrums. Black represents actual profile. 
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This varying surface component has an effect on forest height estimation at L-band as 
shown in the azimuth transect in Figure 6.8. Here we show vertical profiles with 
LiDAR height in black (here taken as the truth) and the radar estimate in white. 
Notice the clear correlation between radar height underestimation and dominant 





Figure 6.7. Sample L-Band profiles (red) from Remningstorp forest test site for small (upper) and tall 
(lower) trees with LiDAR derived true heights in blue. Shapes differ significantly from profiles of 
Figures 6.4, 6.5, and 6.6 as specific data from each branching level provided from RT2 modelling is 
not obtainable from empirical acquisition. In addition the data from Remningstorp features ground 





In this paper we have shown, using a combination of a macroecology forest model 
and a numerical scattering code, how the volume scattering vertical profile is 
dominated by structure effects rather than simple extinction (as classically proposed 
in the RVoG model). This impacts on the estimation of height using single-pass 
interferometry, which can be underestimated without the required knowledge of 
structure. We have used experimental data to show that the effect of surface scattering 
cannot be ignored at L-band, even in tall forests, and hence that the observed 
coherence spectrum in real POLInSAR data cannot be assumed to contain a volume-
only scattering channel. We therefore propose the following approach to the 
estimation of structure and isolation of volume scattering based on these results.  
 
 
Figure 6.8. Variation of L-band profile for a transect through E-SAR data intensity of scattering 
shown in RGB colour key. Radar height estimation is shown in white, in situ height measurements 
represented by black. Correlation of radar height underestimation with dominant surface scattering is 
shown through the location of high intensity (red) scattering concentrated close to ground surface. 
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We suggest dual baseline POLInSAR could be used, even ‘incoherently’ i.e. without 
relative phase calibration, for independent Gaussian basis tomography along the 
coherence line with matching of Gaussian parameters between baselines to remove 
the residual surface component and efficiently reconstruct the volume only profile.  



























7 A “Matchstick Model” of Microwave Backscatter from 
a Forest 
 




The work of this chapter was conducted in 2009 and was submitted to Ecological 
Modelling in 2011. It is currently in review. The themes of this chapter are linked to 
the work of Chapter 5. In Chapter 5 the focus is the vertical backscatter distribution of 
the forest, here the horizontal structure in terms of stem number density, and size is 
considered. The importance of branching architecture is reduced in this work with the 
focus on the use of long microwave SAR. In both chapters the importance of the 
scattering regime is emphasised with analysis of the effects of variation in 
distribution, size and number density of forest constituents. Both chapters consider 
mono-age and mono-species forests as the main focus. The work of this chapter also 
relates to Chapter 4 through the depiction of a forest as a series of vertical cylinders. 
Here the effects of thinning and planting density are explicitly considered in a 
controlled scenario whereas in chapter 4 the variations in number density were 
species and environmentally defined indirectly through SERA. 
 
Modelling observations (Woodhouse 2006b) and empirical  data (Imhoff 1995b) have 
shown that forests can present varying volume saturation levels as a result of different 
number densities or structural factors. SAR backscatter saturation is typically 
considered an effect of energy attenuation within the canopy with saturation 
behaviour exhibited at particular volume densities associated with the incident EM 
waves. If saturation can occur at lower volume densities, particularly for forests with 
lower initial planting, then another factor must contribute. This chapter attempts to 
explain this behaviour through analysis of the relationship between scattering regimes 
and the forest scatterers and aims to answer the following questions: 
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1. Can forests be represented at long radar wavelengths as a collection of vertical 
cylinders? 
2. In the absence of attenuating features of branching and foliage are saturation 
effects exhibited when backscatter is plotted against increasing volume? 
3. Can this behaviour be described using Rayleigh and Optical scattering 
definitions? 
4. How does such behaviour inform on the macroecological status of the forest? 
5. Does a variation in thinning rate and therefore number density have a direct 
impact on the trends of backscatter observed with increasing forest volume? 
6. Do these dependencies make a unique proportional relationship between 
backscatter and volume obtainable? 
 
To answer these questions the Matchstick Model (Chapter 3.3) is used. By allowing 
the effects of backscatter from long wave microwaves to be studied in a controlled 
scenario the influence of macroecological changes on backscatter saturation 
behaviour can be investigated. The simple scenario of the Matchstick Model allows 
scattering to be described as a contribution of Rayleigh and Optical (Non-Rayleigh) 
scattering allowing a comparison with radiative transfer data from identical forests 
produced from RT2 (Chapter 3.4). This paper also lays the theoretical groundwork for 
the use of SERA derived forests (Chapter 3.2 and (Hammond and Niklas 2009)) in a 
radiative transfer scenario (Chapter 8). SERA is shown in the subsequent chapter to 
provide a more heterogeneous forest environment than can be produced by the 
Matchstick or WBE models (which are necessarily simplistic to enable development 
of the theories), providing a testing ground for the theories developed in this chapter 
to be explored independently of forest architectures defined by user inputs. 
 
The main body of this chapter including the modelling procedures were conducted by 
myself. Additional help was provided by Dr. Woodhouse with editing and idea 




Given that the majority of biomass is contained in the stems of trees within forests (as 
much as 90%), a new radar modelling approach is proposed here wherein the stems 
are the major biomass contributor in the context of Synthetic Aperture Radar 
backscatter sensitivity to forest biomass. The new model regards stems as  
“matchsticks” consisting of constant radius, constant density, and constant dielectric 
properties. Furthermore, by considering only the larger constituents of the forest a 
clearer understanding of the correlation of biomass with backscatter from P and VHF 
Band SAR can be obtained.  
 
Using backscatter data produced from the RT2 radiative transfer model this paper 
considers the effects of SAR scattering when interacting with forest stands consisting 
of identical vertical stems, or matchsticks. SAR frequencies of 50MHz (VHF) and 
429MHz (P-Band) are used to generate a comparative radar interaction data. These 
not only allow a comparison of the scattering of SAR signals of different wavelengths 
but also of how interactions with stems can reveal novel clues as to the source of the 
backscatter saturation phenomenon of forests. Removing the volume scattering aspect 
of a forest would be expected to eliminate the saturation behaviour which occurs at 
increasing levels of biomass density, an effect believed to be due to extinction effects, 
but is shown here to not be the case. Results reveal that saturation can occur even for 
the single stem case where increasing the size of this stem through the radii 
associated with Rayleigh, Mie and Optical scattering will result in backscatter 
saturation behaviour as the biomass density is increased. Consistent with this finding, 
a forest of solely vertical stems will exhibit saturation behaviour at lower biomass 
density values when lower planting densities of similar stems are used. In this study 
the backscatter model considers the ground contribution to be negligible but does 
include the double bounce as a result of interactions between the stems and ground. 
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Also considered are Mie backscatter oscillations which are shown to average out 
when using both non-vertical stems and random radius values about a mean, both 
independently and collectively. These “Mie” effects can also be removed by altering 
the incident SAR angle. These findings allow a reduction of the backscattering 
scenario of forests to a two- region problem involving solely Rayleigh and Optical 
scattering. This serves to further provide an explanation as to the origin of 
saturation, whereby the balance between the optical scattering increase and the 
matchstick number density decrease cancel each other out.  
 
The important conclusion is that backscatter does not measure biomass, but measures 
structural trends that are correlated with biomass in different ways, driven by stand 
level competition, resource use, etc. As a result different forest growth regimes should 




Modelling vegetation as a random volume over a ground (RVoG) provides a simple, 
deductive tool for understanding microwave backscatter from a forest (Treuhaft et al. 
1996). It forms the basis of height determination from polarimetric interferometry 
(Papathanassiou and Cloude 2001) and, with its history in the Water Cloud Model 
(Attema and Ulaby 1978), continues to support the widely held assumption that 
saturation of backscatter with increasing biomass is always driven by increased 
canopy opacity. However, these models fail to capture one key physical aspect of a 
forest, namely that the stems often contain the majority of the standing biomass (up to 
90% according to a study of 332 angiosperm and 343 conifer dominated communities 
(Cannell 1982)), and similarly for tropical species (Bastien-Henri et al. 2010). This is 
important for two reasons: (1) at long wavelengths (P-band and longer) stems make a 
significant contribution to the total backscatter (Smith and Ulander 2000), (Smith-
Jonforsen et al. 2007), and (2) that total backscatter within an area is determined by 
 171 
the number of stems as well as their individual shapes and sizes (Smith-Jonforsen et 
al. 2007), (Imhoff 1995b). While backscatter increases with increasing stem size, an 
increase in biomass can typically be associated with a corresponding rapid decrease in 
the number density of stems.  
 
In order to understand the balance of these conflicting trends, this paper introduces a 
new deductive model of forest backscatter based on a collection of identical 
cylindrical stems, with no canopy. By combining the simplified representations of the 
backscatter trends from individual stems based on (Smith and Ulander 2000), 
(Fransson et al. 2000b), and (Fransson et al. 2004) with the generalised stem 
dynamics observed in macroecological studies (West et al. 1999a), this model is able 
to explain the range of observed backscatter-biomass trends published in the last 30 
years. Understanding the trends in radar backscatter measurements of forests is 
undeniably important from scientific, economic and policy related standpoints, since 
one of the most important applications of remote sensing is the monitoring of forests 
and their contribution to the terrestrial carbon cycle and related policy issues such as 
REDD (Gibbs et al. 2007). 
 
In this paper we introduce a “Matchstick” model approach to simplify the forest 
structure. It builds on earlier models developed for VHF measurements (Smith and 
Ulander 2000) by incorporating generalised stem parameters from studies in 
macroecology (following on from (Woodhouse 2006b)). Our key question is as 
follows: is radar backscatter a good indicator of stem volume (biomass) per unit area 
when only the tree stems are considered? The concept that “structure” may influence 
backscatter is not new (see (Imhoff 1995b), for example) but here we expand this 
concept to introduce a formalised model at the stand level based on generalised 
biological principles. The validity of the model and its limitations are demonstrated 
by comparing model predictions to both radiative transfer model results and previous 
empirical studies at VHF, and P-Band (50MHz, 429MHz). 
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7.3 Methods and Theory: The Matchstick Model 
 
Simple, single layer models of microwave scattering from a forest have treated the 
target surface as either a dielectric slab with constant properties suspended above the 
ground (Bush and Ulaby 1976) or a layer of sparsely distributed identical dielectric 
scatterers. These scatterers can be spheres, as in the Water Cloud Model (Attema and 
Ulaby 1978), or random cylinders (Peake 1959) which may be randomly oriented, 
(now referred to as the Random Volume Over Ground (RVOG) model, 
(Papathanassiou and Cloude 2001), (Mette et al. 2004a)) or with a systematic 
orientation (Treuhaft et al. 1996), (Smith et al. 2002). These models share one 
important common feature in that none of them considers the change in number 
density of tree stems associated with biomass changes.    
 
Remaining within the realms of simple, single-layered models, we describe here a 
model based on a single layer of stems, which we call the “Matchstick Model”. It is 
an oriented layer of cylinders and as such the model is most suited to P-band 
wavelengths or longer.  The stems are identical and always (near) vertical, and do not 
account for tapering. The forest biomass is assumed to be directly proportional to the 
total volume of the cylinders in a similar fashion to the relationships explored in 
(Fang et al. 1998) in which a simple linear relationship between stand biomass and 
volume is shown to exist for all the main forest types in China. In that work a direct 
relationship established between stem volume and biomass was shown to slightly 
underestimate biomass. Similar relationships are used in (Valentine et al. 1984) and 
documented in (Philip 1994), while (Le Toan et al. 1992) states the link between stem 
volume and biomass within the context of a radar survey. Changes in area biomass 
are therefore a result of changes in cylinder size and number density.  Since the stem 
volume-biomass relationship is expected to be both species and site specific, our 
primary application of the model is to explore trends in backscatter associated with 
biomass changes (rather than simulate absolute values).  A visual representation of 
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the model is demonstrated in Figure 7.1, with the parameter d describing the nature of 
thinning defined in Chapter 7.3.2. 
 
Figure 7.1. Representation of collection of cylinders in four forest settings. Area is schematic 
representation. From top to bottom d=-2, d=0, d=1 and d=2 representing various thinning regimes. 
Where d is positive the progression from left to right can represent a single stand changing over time or 
simply the state of four neighbouring plots at any one time. When d is negative the progression can not 
be considered with respect to time (and therefore stems growth) but can represent neighbouring stands, 
shown here with no stem size variation. 
 
Chapters 7.3.1 and 7.3.2 describe how we can characterise the changes in stem size 
and number density using general macroecology principles.  The two sections after 
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these (7.3.3, 7.3.4) describe the twofold modelling approach. Firstly, we consider 
trends in backscatter from varying sized cylinders using a simple model. Following 
this we corroborate these trends using a full radiative transfer model, RT2, described 
in Chapter 3.4. In each case the modelled scenario is that of a developing forest with 
increasing biomass. In reference to Figure 7.1, although it can be assumed that when 
thinning, d, is zero or greater the data points in this study represent a single hectare 
forest changing over time they can just as easily refer to neighbouring hectare plots at 
differing stages of growth within a large forest or plantation. This would always be 
the case for negative d values. This is particularly relevant in an expanding forest 
where a plot of new growth would mimic the characteristics of early stage forest. 
Modelling a single stand across a number of years does not take account of variations 
that may exist in terms of ground conditions and other environmental factors that may 
directly affect the growth of the forest but in spite of this, this method allows a direct 
analysis of the effect of size and number distribution on the trends of backscatter 
return. This method of forest modelling is therefore directly relevant to studies 
presented in the literature, as the acquisition of a wide range of biomass values to 
enable scientific analysis involves the survey of forest stands of varying stages of 
growth, and is particularly true within monospecies stands in which the allometry of 
individual trees is assumed to vary very little, and resource levels to remain fairly 
consistent, within neighbouring stands.  
 
7.3.1 Individual Stem Characteristics 
 
In this study the variables that determine individual stem sizes are (1) a scaling factor, 
a, which determines proportional change of cylinder shape to cylinder size, (West et 
al. 1997), (Woodhouse 2006b): 




(where, l is stem length and r, radius), and (2) the length-to-radius constant of 
proportionality, m, so that: 
l= mr
2/(3a)
                        
                                                       (7.2) 
This allometric formulation utilises biomechanical constraints that predict some 
optimal relationship between l and r. Decurrent trees (most broadleafed species) are 
appropriately described by the elastic similarity model, a = 1, whereas a =2/3 is the 
value that represents geometric similitude, l∝ r, which (Niklas 1994) reports is 
consistent with many observations of excurrent species (most conifers). Empirical 
data suggest that stems have often been better represented by some value greater than 
a = 7/6, similar to the case of stress similarity, a condition related to a = 4/3. In the 
interests of space, we do not present all model results for differing values of a, given 
that backscatter trends remain consistent for 2/3 < a < 4/3, even if absolute values 
vary. Instead, we stick to a default choice of a=1, representing the idealised “pipe” 
model in the WBE branching model.   
 
The constant of proportionality, m, is more diverse than observed values of a.  
Reported values range from approximately 5 to 163 in the dataset of (Cannell 1982) 
which includes 675 forest communities. The default value in this study is chosen to 
be 20 due to its frequency of occurrence in this dataset.  We will show that while 
absolute values vary, the general trends remain similar for large m variations.  
 
7.3.2 Stem Number Densities (Populations) 
 
In radar measurements it is not usually possible to measure individual trees. The 
Matchstick Model therefore incorporates variability in both stem size, and stem 
number density within a population. In the current work we only consider populations 
of identical stems so that variability of biomass per unit area is governed only by 
variability in size and number. This is a reasonable representation of managed 
monocultures and for many single species forest areas where one size dominates. For 
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example see (Zenner and Peck 2009) for red pine managed stand statistics showing 
range of size distributions within mature stands..  
 
In any forest biome, the number of trees of a given size is limited by the available 
resources, and the balance between new growth and tree mortality (including 
herbivory and fire).  These may vary both spatially and temporally.  The relationship 
between the size (radius, r) and number of trees, N, can be characterised by a 
“thinning factor”, d, such that 
drN −∝                                                                                                                     (7.3) 
 
(See also (Woodhouse 2006b)). Although called a “thinning factor” it need not apply 
only to the change in a population over time (or a spatial surrogate, as in different 
aged managed stand) – we use it here as a general description of the size-number 
relationship. Figure 7.1 visually describes the impact of d and demonstrates the 
relationship between size, number density and volume. When d=0, N is constant and 
total volume increases linearly with the volume of each stem. This is typical of 
young, actively growing forest (such as regeneration) where trees have yet to utilize 
all available resources, and tree mortality is near zero. Here, biomass per unit area 
will be positively correlated with N. 
 
When d=2, there is a dramatic decrease in N. The total volume still increases since 
the collective basal area remains constant (since each stem's basal area increases with 
r
2
 ) while stem height increases. This is typical of many forests, especially in the 
tropics, or in managed forests where thinning has been applied in order to maintain 
basal area.  It is exactly this dramatic change in structure associated with increasing 
areal volume that the Matchstick Model tries to characterise (and is not incorporated 
into other simple single layer models). In this case the biomass per unit area is 




Figure 7.2. Relationship of basal area (left), number of stems (centre), and volume (right) with 
respect to branch radius for varying thinning parameters representing identical single stem size forests 
starting from initial planting of 500000 stems per ha. Legend represents values of thinning parameter, 
d. Variations in d highlight how particular volumes and basal areas can be represented by different 
stem numbers and radii as a consequence of thinning. 
 
For d= -2 (relating number increases and neglecting corresponding radius increases) 
the cylinders are identical; increasing volume per unit area corresponds to increasing 
N. This is typical of a resource-limiting case, such as savannas, whereby tree numbers 
are limited due to competition for scarce resources such as water, but where trees do 
grow they often need only grow to a sufficient height to outperform grasses and avoid 
fire and herbivory (Sankaran et al. 2008). In these cases biomass per unit area will 
again be positively correlated with N. 
 
Thinning is directly related to the resources available per tree within an area which in 
turn has an effect on the backscatter response. The amount of thinning that takes 
place within a forest directly affects forest number density and therefore backscatter 
(Champion et al. 1998). Changes in number density then have a significant effect on 
the space available for growth (Ginn et al. 1991; Waring 1983) and with the growth 
of a tree determining the stem size and tree height it will have a direct influence on 
backscatter (Castel et al. 2002; Imhoff et al. 2001). 
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In the modelling results that follow, we look at different forests that begin with a 
finite number of small trees (the “planting density”, p) which then grow and reduce in 
number, as given by N. We are then able to describe the impact of both d and p on the 
backscatter trends associated with increasing volume (and by implication, biomass). 





/ha respectively (Shula 1989), (Cannell 1982), (Kinnunen 
et al. 2007).   How volume, basal area and N change with d is illustrated in Figure 7.2.  
 
7.3.3 Scattering Considerations 
 
The simple model offered here considers the limiting case of cylinders with 
circumferences smaller than 0.1λ of a wavelength on the one hand, and much larger 
than 10λ on the other. For the sake of simplicity, we refer to these limits as 
corresponding to “Rayleigh” and “Optical” scattering, respectively. In the Rayleigh 
case we assume the backscatter from each cylinder increases with the square of the 
cylinder volume, and for the latter, it increases with the physical cross-section 
(Kononov and Ka 2008). At the transition between these two regimes lies resonant 
scattering, here we make an approximation that assumes the resonant behaviour 
“averages out” across this region due to the cumulative effect of a distribution of stem 
sizes. This assumption is supported by empirical results in (Lopes et al. 1991), and 
(Mougin et al. 1993) and considered more completely in Chapter 7.4.3. 
 
Following the formulation by (Smith and Ulander 2000) based on VHF backscatter 
from individual stems at a polarisation P (H or V), we can write the radar cross 




















σ                                                                                 (7.4) 
 
where V is stem volume, rp(θ ) is the Fresnel reflection coefficient of the surface, εr is 
the relative dielectric permittivity of the trunk, and L is the attenuation. Given the 
 179 
simplicity of the Matchstick Model it is reasonable to consider all of these 
parameters, except V, to remain constant. The one point of discussion is whether it is 
an appropriate assumption for the attenuation, L. (Smith and Ulander 2000) give a 
convincing case as to why this would be so at VHF wavelengths, but it is less clear 
whether this would be appropriate for, say, P-band. A compelling case for the 
importance of attenuation would normally be made based on evidence of saturation in 
the backscatter-biomass curves. However, it is just such an interpretation based on the 
Water Cloud model that we wish to challenge with the Matchstick Model.  Indeed, 
the results presented in this paper demonstrate that the impact of thinning on the 
backscatter can be sufficient to cause saturation even when attenuation due to a 
thickening canopy and increasing number of scatterers is ignored. Attenuation in this 
case does not refer to any scattering variations that may occur on the individual level 
due to scattering regime change as these variations are considered an important part 
of the theories presented here. Saturation in itself is therefore not evidence of 
increasing attenuation by the forest layer.  
 
In summary, we argue that we can characterise the trend in backscatter from each 
stem in the Matchstick Model as follows.  For Rayleigh scattering: 
2VRayleigh ∝σ                         
                                                                                                                                  (7.5) 
Using the relationship between length and radius of (7.1), the proportional 
relationship can then be written with respect to r and a as follows. The radar cross 
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                             (7.7) 
This is in accordance with the laws of geometric optics which under certain 
limitations is an acceptable simplification of the scattering formula for the physical 
optics of a cylinder. The physical optics formula for the radar cross section of a 
cylinder is shown below where k is the wavenumber, r the cylinder radius, l the 
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By taking an average value over a symmetric window of incidence angles centred at -




























= ∫                (7.9) 
As this window approaches zero the small angle approximations of cosθ  =1 and sin 
θ  = 0 apply, and following a change of variable and subsequent integration we get 
the closed form formula for the average radar cross section of a cylinder around 


























                                                                          (7.10) 
According to the rules of the sine integral function Si(x), as the argument (x) 
approaches zero, Si(x) will tend to x. Similarly by taking the limit of the angular 
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Where the window tends to zero and is approximately representative of the broadside 
angle the average radar cross section is proportional to the frequency and the cylinder 
volume. But in the limit of large arguments where 2kl wθ  is large, the function  
Si( )→ π / 2. Under the limits of klθw tending to infinity (equation (7.12) we can 























                                                                                                             (7.13) 
This frequency invariant equation is then a function of the physical cross section of 
the cylinder in accordance with geometric optics. A full progression of the working is 
found in (Hestilow 2000). 
 
If the geometric optics is valid it can be stated that within P-Band at 429MHz the 
radius value of a scatterer coinciding with the transition from Rayleigh to Mie is 
about 0.01m and the radius value of a scatterer which coincides with the transition 
from Mie to Optical is approximately 1.1m, so scatterers greater than 0.01m are 
deemed Optical scatterers for the purpose of this study.  
 
An application of this simple approach is shown through Matchstick Model data in 
Figure 7.3, whereby the backscatter is shown as logarithmic plots for 4 different 
planting densities in the absence of thinning (d=0). Two distinct phases are visible. 
The Rayleigh scattering is represented by low biomass density data points, the region 
exhibiting a broad distribution among planting densities. The population density has a 
significant effect on the backscatter level in the Rayleigh. As the scattering transitions 
into Optical it is apparent that the relationship is less sensitive to the planting density. 
Note the similarities between the Matchstick Model representations of geometrical 




 Figure 7.3. Simple Matchstick Model predictions produced from varying planting densities per ha. 
Data based on the combination of two equations representing the correlation of Rayleigh backscatter 
with the square of the volume Eq.(7.5), and the correlation of Optical backscatter with basal area 
Eq.(7.7). Planting densities vary in each figure and are chosen to achieve similar volume values. Figure 
(left) represents geometric optics and (right) physical optics. Note the similarity in trends. 
 
7.3.4 Radiative Transfer Modelling Using RT2 
 
RT2 is a multi-layer second order radiative transfer model similar to the MIMICS 
model used in (Imhoff 1995b) and the UTACAN model used in (Woodhouse and 
Hoekman 2000).  It is described in (Cookmartin et al. 2000) where it was used for 
modelling crop backscatter and in (Balzter et al. 2003b) for forests. In the current 
study, RT2 was used to investigate the backscatter from the Matchstick forest for a 
range of scenarios. RT2 is a fully polarimetric, second-order solution to the radiative 
transfer equations that treats vegetation canopy as a plane-stratified multilayer region 
over a rough surface. Its use in this instance is limited to a single plane with only 
vertical stems existing over a rough surface. The scattering properties of all plant 
components are derived from their depictions as simple geometric forms but here we 
only consider plant stems, represented as finite-length cylinders.  The reader is 




7.4.1 Model data 
 
In this modelling process initial planting densities from 1 to 1x10
7
 trees per hectare 
were used. This selection was made to encompass realistic planting densities as well 
as extreme cases which are less likely (for forest conditions) which can be reduced 
significantly in numbers through each growth increment according to the thinning 
regime. As well as the variation of planting density, the scaling is altered via the 
constant of proportionality m and scaling exponent a. Data has been modelled for 
both VHF and P-Bands. Typical variations, due to changes in m, manifest as minute 
changes in trends, but show increased backscatter associated with longer stem lengths 
for similar radii. 
 
 
Figure 7.4. RT2 modelled VV P-Band data for multiple planting densities per ha. in the absence of 
thinning. Number densities maintained at planting density level for duration of growth signifying zero 
mortality. 
 
In a similar fashion to the Matchstick Model predictions of Chapter 7.3.3, RT2 
backscatter data is plotted against the log of the volume (with zero thinning, as in 
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Figure 7.3). The common feature regardless of planting density is the clustering of 
data points at higher volumes around a common trend in backscatter values, Figure 
7.4. The low volumes featured in this figure are a consequence of the need to avoid 
extremely high basal areas resulting from higher initial planting densities in the 
absence of thinning. Therefore avoiding potential interference of stems with one 
another and deviation from the assumption of low attenuation. 
 
7.4.1.1 Saturation Effects 
 
When a single stem is modelled in RT2 it already shows saturation like effects (even 
for very low stem volume) due to the transition to Optical scattering as the single 
stem grows with each increment. In itself, this is an important observation that should 
be borne in mind when plotting backscatter-biomass trends. 50MHz VHF data shows 
similar saturation trends. The theoretical transition points between Rayleigh and Mie, 
and Mie and Optical scattering are determined by the ratio of wavelength to radius.  
 
Data were modelled for sparse as well as dense (Figure 7.5) stem scenarios with the 
backscatter values of each of these planting densities represented with respect to the 
radius. The trend is independent of planting density and scaling properties. 
 
The use of longer wavelengths in SAR forest remote sensing has consistently been 
observed to move the point of backscatter saturation to higher biomass values (Table 
7.1). This effect is normally attributed to decreasing opacity of the forest canopy as 
wavelength increases. For example, (Smith and Ulander 1998) describe the theory of 
attenuation limitation as, “fundamentally linked with the high attenuation through the 
top of the foliage and the backscatter sensitivity to small-scale structures”. When 
considering low numbers of single stems this attenuation is significantly reduced, and 
the large-scale structures (of the order of the wavelength) dominate the backscatter, 
with modelling showing saturation still occurring. Such statements allow a direct 
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comparison with the Matchstick Model predictions which feature zero attenuation 
effects. Any saturation effects produced through modelling of solely stems, in 
concurrence with the Matchstick Model, is devoid of attenuation. It would then 
appear no longer appropriate to state attenuation as the sole cause of saturation, but 
rather a more complex issue related to stem radius, number density trends and 
wavelength. With regards to saturation, Table 7.1 expresses reported levels from 
empirical data in the literature.  
 
 
Figure 7.5. RT2 modelled data for P-band VV backscatter with d=2 thinning. Legend shows planting 
densities prior to thinning which reduce the numbers significantly at each growth increment. For the 1 
million planting density there are 244 stems when the radius equals 0.1m. 
7.4.1.2 The influence of Stem Radii on SAR Data. 
 
In any particular instance in the absence of thinning, the number density remains 
constant with lengths and basal areas becoming larger as a result of radii increase. 
Only the introduction of stem thinning will alter this. Individual backscatter from a 
stem is seen to vary for any particular volume for different constants of 
proportionality. This is primarily due to different length and radii combinations that 
 186 
make up these particular volumes. In order to concentrate on consistent stem-specific 
values, backscatter can be shown in terms of the radii of the stems (Figure 7.5).  
 
The transition point between the theorised Mie scattering regime and the Optical and 
Rayleigh scattering regimes appear to be an accurate representation as to when the 
saturation process occurs, signifying a clear dependence on radius. Trends appear to 
be independent of the constant of proportionality and saturation is only dependent on 
the scattering change from Rayleigh to Mie through the dependence on stem radius. 
Significantly increasing the constant of proportionality only increases the level of 
backscatter and does not alter the trend with an equal significance. 
 
7.4.2 Saturation 
7.4.2.1 Initial Findings 
 
Modelling has shown that saturation can theoretically be caused by a change in 
scattering regime and is affected by factors such as radius, and length. Saturation is 
generally associated with the rapid decrease in the rate of change of backscatter with 
increasing stem volume, and therefore biomass density. This, in effect, is not 
saturation by definition as saturation signifies a cessation in correlation between 
backscatter and volume. The following modelling procedures serve to provide an 
explanation as to the existence of this effect using the concept of the thinning factor d 
introduced in (Woodhouse 2006b). The majority of modelling so far has assumed a 
thinning factor of 0. This assumes that no thinning takes place within the forest, 
signifying perpetual growth. This scenario, as it sounds, is unnatural due to the 
limited resources of a forest, the main factor behind natural thinning processes. In 
addition, managed thinning is a prevalent procedure in managed plantations as a 
means of achieving maximum useable wood from a particular species. For biomass 
retrieval schemes the effects of thinning are an important aspect that must be taken 
into account (Castel et al. 2002).  
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Table 7.1. SAR observed “saturation” limits. (Patenaude 2003) 
SAR biomass 
saturation values  
Acquisition Frequency  Biomass Density (B) 








P-band   
L-band  
B: 200 t/ha  
B: 100 t/ha  







X-Band (SIR)  
B: 250 t/ha  Dobson et al. (1995)  







V: 64 m3/ha  
V: 143 m3/ha  
Fransson and 






VHF  No Volume  
Saturation  










B: 100 t/ha  
B: 40 t/ha  
B: 20 t/ha  




L-Band (JERS)  B: 60 t/ha  Luckman et al. (1998)  
Boreal, Canada  Satellite 
Multifrequency and 
polarisation  
C-band (SIR)  
X-band (SIR)  
B: 200 t/ha ratio 
between L-band HH 
and C-Band HV.  
Ranson et al. (1995)  
Northern Maine  Airborne, 
Multifrequency and 
polarisation  
L-band , P-band, 
C-band  
B: 150 t/ha (using 
HV polarisation)  











100-150 Mg ha-1 
biomass (JERS-1, 
HH), 150-200 Mg ha-
1 (ALOS PALSAR, 
HV) 













No real prediction 
accuracy above 200 
Mg ha-1  
(Mitchard et al. 2009)  
 
The main effect of introducing a thinning factor to forest modelling is the direct 
change in basal area resulting from a loss of stems while growth in the remaining 
stems continues. This factor is believed to be the main driving factor of backscatter 
saturation with respect to volume, with the basal area of a stem directly dependent on 
radius. As the height of the stems increase with each increment, the forest volume is 
still expected to increase, with the notion that fewer larger stems will contain a 
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greater volume than several smaller stems (Figure 7.1). In the case of d being equal to 
2 the total basal area of a plot of stems will remain constant. If the total basal area of a 
fixed zone remains constant as the stems increase their individual basal areas, then the 
number of stems must reduce. As the stems begin to scatter in the Optical regime the 
backscatter becomes dependent on the number of stems and the basal area of each 






.pdens                                                                                                    (7.14) 
 
Where subscript k represents an incremental increase in radius from the initial value 
associated with the subscript 0. Between the values d=0 to d=2 the rate of change of 
backscatter with volume is expected to reduce. When this rate of change in 
backscatter is zero at d=2, the basal area is assumed to be constant as volume 
increases in accordance with the nature of Optical scattering (equation 7.7). 
 
According to the simple Matchstick Model, when d=2, the backscatter signal will 
saturate in the Optical region. When d is not equal to this value the basal area will 
continue to increase or decrease with a continual increase in backscatter (Figure 7.6).  
The basal areas featured are higher than typical basal areas but were chosen to allow 
the use of more data points and enable closer comparison between different thinning 
levels. 
 
For d=2 thinning, the number of stems will reduce with each size increment but 
collective volume will increase as remaining stems become taller and thicker. As a 
result, backscatter will continue to increase within the Rayleigh regime and show a 
distinct correlation between the backscatter and the volume. Through the Optical 
regime backscatter will remain constant. As Optical backscatter is directly related to 
the area of individual stems multiplied by the number present, or in essence total 
basal area, then zero basal area increase indicates zero backscatter increase 
manifesting in a zero gradient.  
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Figure 7.6. Matchstick Model representation using physical optics (left) and geometric optics (right) 
of backscatter associated with thinning. d=2 shows backscatter for constant total basal area at 35m
2
/ha 
as forest volume increases, d=0  shows increasing basal area from initial 35m
2
/ha, and d=1 shows 
increasing basal area from 35m
2
/ha. Initial planting density 2.5x10
6
 per ha. Note that d=2 exhibits 
classic saturation while d=0 thinning reaches excessive volume values not intended to be 
representative of natural forests but to highlight trends.  
 
Modelling to visualise these scenarios, using RT2, was performed on data featuring 
variations in the thinning exponent, d.  The constant of proportionality m and the 
initial planting density were also varied. These variations provide a broad analysis of 
possible stem structures produced by nature and allow comparison with the simplistic 
Matchstick Model (Figure 7.6). The modelling explored volumes up to and beyond 
noted values. These values of volume are far higher than featured saturation values in 
empirical studies (Table 7.1). Through modelling, when a thinning factor of d=2 is 
applied, saturation occurs. Alternatively when d=1.5 a change in the gradient of the 
backscatter-volume trend line is seen but not necessarily saturation. If this modelling 
is correct then the existence of saturation, even at VHF band, is not entirely 
dependent on the volume present but also on the forest thinning and in turn the 
change in total basal area and stem numbers. According to physical laws, equation 
(7.7), in the absence of significant attenuation and with increasing basal area 
backscatter will increase. The gradient of increase within the Mie and Optical regimes 
will be greater for a d=1 than a d=2 forest. The transition between Rayleigh and 
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Optical scattering therefore becomes less significant when plotting backscatter 
against biomass density at low thinning values up to reasonable volume limits.   
 
Figure 7.7. RT2 modelling backscatter results for VHF-Band VV incident waves of 50MHz 
frequency on a forest of initial planting density of 5x10
5
 stems per ha. under different thinning 
regimes. Chosen polarisation emphasises trends. 
 
Figure 7.8. RT2 modelling results for P-Band VV incident on initial planting density of 5x103 stems 
per ha. when thinning regime is varied between d=0 and d=2. Chosen polarisation emphasises trends.  
 
When full trees are considered in a natural forest, the canopy will at some point reach 
a level where it will remain constant as stems continue to grow. According to 
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empirical studies at 429MHz (Table 7.1), at a biomass density in the region of 100 to 
200t/ha, it is expected that saturation will take place. This theory then suggests that 
the cross-sectional area of a collection of similar sized branches may have a constant 
total cross-sectional area which scatters optically. As the smaller branches will scatter 
optically at a smaller wavelength, saturation for these frequencies will therefore occur 
at lower biomass values offering an additional explanation why saturation at higher 
frequencies occurs at lower biomass densities. Figures 7.7 and 7.8 show how the 
saturation volume varies with thinning and may not correspond with planting density 
for both VHF and P-Bands respectively. 
 
 Figure 7.9. RT2 VV polarised P-Band backscatter values for various planting densities, thinning 
exponents, scaling parameters, and constants of proportionality. Similar trends exist for VHF data. The 
non-uniqueness of backscatter to volume relationship is apparent. Low volume data is included 
although such low volume values may only be present in modelled data. 
 
The consequences of the dependency of forest backscatter on number density, 
thinning parameter, scaling exponent, and constant of proportionality as explored in 
the previous sections are evident in Figure 7.9. The relationship between forest 
volume and forest backscatter appears largely non unique with several forest volumes 
producing similar backscatter values when these parameters are varied. The 
consequences for prospective backscatter intensity surveys to estimate forest volume 
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or biomass are apparent based on these modelling results. Similar trends are shown in 
empirical studies with the tendency to fit curves based on prior knowledge of the 
shape of the saturation curve. Examples of this can be found in (Mitchard et al. 2009; 
Neeff et al. 2005; Wagner et al. 2003). 
 
In addition to these observations, it is noticeable that the 429MHz datasets show 
evidence of oscillation at volumes associated with saturation with an average over 
this range required to show gradient variations associated with thinning. These 
oscillations could relate to the Mie oscillatory trends existing between Rayleigh and 
Mie scattering and should not be disregarded without consideration. 
 
7.4.3 Mie Oscillations 
 
In order to investigate the possibility of Mie oscillations in the region of saturation the 
modelling procedures were altered. Originally every backscatter value was associated 
with a volume determined from a collection of identical stems whose number at any 
particular point was controlled by initial planting density and thinning factor. It is 
thought by changing this depiction to something slightly more realistic, any 
oscillations will be non existent. To increase the realism, a series of randomly 
generated stems were used. The stems were chosen to possess radii values within one 
standard deviation of the mean. In essence this variation transforms a mono-sized 
forest into a multi-sized forest, in keeping with natural forest growth. In addition the 
backscatter was simulated for collections of stems orientated at random angles over a 
spherical distribution while still possessing the same dimensions as the vertically 
aligned collections. 
 
Under the new conditions of modelling, the thinning factor was maintained at a value 
of d=2 and an initial planting density of 10x10
6
 was used, a significantly high value 
due to the large thinning effect of d=2 with each size increment. These parameters 
would allow an approximately constant basal area over the test site and allow a 
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reasonable value of volume at all stages of the forest growth through each radius 




Figure 7.10. RT2 VV P-Band data of 429MHz for initial forest planting density of 10x106 stems per 
ha. with thinning d=2, featuring vertical and non-vertically aligned stems of multi and mono radii 
forests. Saturation seen in presence of approximately 1220 stems at 373m
3
/ha for vertical stems. Note 
number density reduces significantly with every size increment as volume increases. Polarisation 
chosen to emphasise trends. 
 
Modelling the forest in this new way allows comparison of forests consisting of:  1) 
mono sized vertical stems 2) multi size vertical stems, 3) mono size non-vertically 
aligned stems and 4) multi size non-vertically aligned stems (Figure 7.10). By 
modelling these alternate forest structures while maintaining the Matchstick Model 
ethic it can also be determined whether the mono and vertical nature of the stems at 
each volume increment have any bearing on the presence of Mie oscillations and in 
effect the backscatter. In the presence of a single object, Mie oscillations would be 
expected, and it is assumed that the same behaviour, to some extent, is exhibited with 
a collection of identical stems. As such these oscillations are not generally seen or 




At 35 degrees incidence the data appears largely unaffected by Mie oscillations. At 
both 429MHz (Figure 7.10) and for VHF the same trends are apparent with higher 
backscatter in general for non vertical stems at VV but lower for HH as a result of 
stronger double bounce contribution. When non vertical stems are modelled there is 
little difference in backscatter whether the stems are homogeneously or 
heterogeneously sized. This is apparent when modelling vertical stems, despite the 
identical trends existing between the two datasets. When these scenarios are modelled 
at lower incidence angles oscillations are evident in the mono sized stems alone, this 
oscillatory behaviour at lower incidences is removed by varying the size distribution 
of the stems but also by introducing non-vertical stems of random angles over a 
spherical distribution. At 35 degrees incidence these oscillations are not evident. 
 
Introducing non-vertical stems appears to remove the oscillations at volumes 
consistent with Mie scattering at low incidence angles without an effect on the 
Rayleigh region. In a natural forest setting, in a climax forest, stems will appear to be 
very similar in size but not identical. These stems which appear very similar in size 
are more accurately described using a distribution about a mean value. Empirical 
SAR backscatter values can be extremely variable in terms of correlation with 
volume. It is for this reason that these data are shown, highlighting the effect on 
backscatter that verticality and size distribution have on the resultant backscatter. 
Within the Matchstick Model set up, the stem sizes could be less constrained and yet 
still provide sensible correlation with the backscatter to coincide with more natural 
settings. The negative trends in the data following saturation could be construed as a 
result of the presence of non vertical stems over such great an angular range. 
Saturation does not appear to be affected by the parameters varied here but 






SAR backscatter has been shown to correlate empirically with the standing biomass 
density of forests (Karam et al. 1993), yet robust generic relationships have remained 
elusive. The correlation is often thought to be dependent on the incident SAR 
wavelength and the volume of the forest. RVoG or Water Cloud Model explains these 
trends as the increasing volume of vegetation resulting in increasing backscatter, and 
saturation caused by the increasing forest opacity. The significance of the Matchstick 
Model presented here is that it challenges those models and provides an alternative 
explanation by considering macroecological trends in forest stem size and number 
that determine the consolidation of the biomass material, which has been previously 
shown to impact on backscatter, (Imhoff 1995b); (Woodhouse 2006b); (Dobson et al. 
1995). Saturation need not be caused by increased opacity, but rather, by the physical 
structure of the forest as it moves from low biomass to high biomass, including the 
changes in stem number densities.  
 
When structure (i.e., size and number density) is highly correlated with biomass, the 
backscatter-biomass trend also has a strong correlation. However, such structural 
trends are highly varied in nature – in some areas biomass is positively correlated 
with size and number density, while in others it is positively correlated with size but 
negatively correlated with stem density. When backscatter is modelled across a 
variety of realistic radii, basal areas and number densities (the large planting densities 
used in this study produce realistic number densities following only a few growth 
increments), the result has no clear trend (Figure 7.9). If backscatter is not a robust 
measure of biomass even for a simple single layer Matchstick Model, then we must 
urge great caution when trying to apply generic trends across different forest biomes. 
The important conclusion is that backscatter does not measure biomass, but measures 
structural trends that are correlated with biomass in different ways, driven by stand 
level competition, resource use, etc. As a result different forest growth regimes 
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should expect different backscatter-biomass trends. In this respect, VHF does not 
avoid interrogation. With regards to 50MHz data the transition from Mie to Optical 
scattering is believed to occur at radii of approximately 9.54m. Trees of this size do 
not occur in nature (General Sherman has a diameter of 11m) and as a result complete 
saturation would not necessarily be expected in empirical data when using this 
wavelength. However, the modelled results presented here also establish that robust 
trends are not possible with VHF when averaging backscatter over many stems. 
CARABAS (Smith 2000) demonstrates such consistently good results because they 




We have introduced the “Matchstick Model” as a new deductive approach to 
modelling backscatter from a forest. As the majority of a forest’s biomass is 
concentrated in the stems it would seem reasonable to remove all but the stems from 
the modelled forest and consider this a realistic representation of natural biomass 
distribution when considering long wavelength SAR. The model predicts that SAR 
forest backscatter saturation can be caused by tree stem scattering going from one 
scattering regime to another, combined with a stem thinning rate. These transitions 
produce two distinct phases in backscatter with regards to a forest increasing in 
volume. The model explains why a robust and consistent backscatter-biomass trend 
has been so elusive – because forests accumulate biomass in different ways, and these 
differences have profound influence on the backscatter, even in very simple cases.  
 
The model reinforces the risk of not considering forest structure when using 
backscatter as an indicator of biomass, and is a word of warning for possible future 
satellite instruments such as BIOMASS (Le Toan et al. 2010) or descendants of 
DESDynI (Donnellan et al. 2008). This work builds a foundation in which to explore 
how to account for variability in planting densities and thinning rates, and this will 
form the focus of future studies. 
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8 SAR backscatter trends as a consequence of the 
emergent properties of tree populations 
 
Matthew Brolly and Iain. H. Woodhouse 
Summary 
 
This Chapter extends the applicability of concepts introduced in Chapters 4, 5 and 7. 
It does this by incorporating the SERA forest model (Chapter 4) into a radiative 
transfer SAR backscatter scenario, by analysing the backscatter dependence on 
scatterer size and therefore scattering regime (Chapters 5 and 7) , and by focussing on 
the behaviour of long SAR wavelengths (P-Band, VHF) upon interaction with forests 
consisting solely of stems (Chapter 7). The use of SERA allows the theories presented 
in Chapter 7 to be analysed using an independent model providing forest geometry 
details based on species specific allometric identities. The hypotheses of this chapter 
concern the nature of the saturation effect and its relationship with forest total basal 
area. It is believed from the results of Chapter 7 that the SAR backscatter saturation 
effect as forest volume increases is driven by the Optical scattering behaviour of 
forests. Although the transition from Mie to Optical scattering requires the presence 
of large radii scatterers, Chapters 5 and 7 showed how an Optical description of Mie 
scattering behaviour is adequate. This is particularly true for multi stem size forests 
(see Chapter 7.4.3). A greater level of heterogeneity in stem sizes is produced by 
SERA and is therefore expected to amplify the averaging effect. Due to the 
dependence on forest basal area of Optical scattering it is predicted that the nature of 
the saturation curve can inform on the variation of basal area across the forest stand 
(see Chapter 2.3). 
 
This chapter asks the following questions: 
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1. Using the independent forest growth model SERA to parameterise RT2, are 
the theories of the Matchstick Model of Chapter 7 regarding basal area 
dependence verified by the modelled backscatter?  
2. Does thinning as a consequence of space and light competition in SERA 
forests actively influence the backscatter relationship with forest volume? 
3. How does backscatter from SERA forests relate to stem size distribution in 
terms of their classification as Rayleigh or Optical scatterers?  
4. If Optical scatterers dominate the forest does backscatter follow a physical 
cross section dependency, and if Rayleigh dominated is it volume squared? 
5. How does theoretical backscatter using SERA forest data, and based on 
Rayleigh and Optical theories, compare to RT2 modelled backscatter?  
 
This Chapter aims to address the questions and hypotheses by modelling the 
backscatter returns of various SERA forests using RT2. Mono-species and multi-
species forests are generated and examined in terms of their backscatter relationships 
to macroecology. The detailed geometry of SERA stems allows the analysis of 
backscatter contributions from different size scatterers therefore scattering regimes 
and to determine influential macroecological factors. This study helps to establish 
links between theoretical backscatter descriptions (Chapter 2.3) and the macroecology 
of heterogeneous forests. Ultimately the comparison between modelled backscatter 
and theoretical descriptions will determine whether describing forest backscatter as a 
combination of Rayleigh and Optical scattering is appropriate. Ideally such work will 
lead to the accurate inferral of macroecological changes; particularly in number 
density and basal area (see Chapter 3.3.2 and Chapter 7). 
 
The work featured in this paper was entirely produced by myself including idea 
formulation and work undertaken. Influence was provided by S. Hammond and Prof. 
Niklas of Cornell University regarding SERA, acknowledged as a significant 
contribution to this work. Additional help and editing was provided by Dr. 
Woodhouse within a supervisory role.  
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8.1  Abstract 
 
This study describes the use of a plant and forest structure model (SERA) which 
actively combines the fields of allometry, macroecology and empirical studies, in 
conjunction with radiative transfer theory for forest microwave interactions. SERA 
(Spatially Explicit Reiterative Algorithm), has the ability to parameterise generic and 
specific gymnosperm and angiosperm characteristics based on empirical studies and 
the consequences of light and space competition. It provides a widely varied tree size 
distribution while maintaining allometric consistency to produce a natural-like forest 
representation at an easily defined stage of growth.  A radiative transfer model, RT2, 
parameterised by SERA is used to analyse the backscatter variations resulting from 
changes to the forest stand as a result of light and space competition showing that the 
slope of the saturation curve provides information as to the thinning rate and 
therefore basal area changes. It is determined that forest SAR backscatter can be 
described using two equations related to volume and basal area. The nature of these 
equations is such that they describe the saturating behaviour of forests seen at high 
volumes and in the absence of canopy attenuation. Modelled data predicts that 
backscatter is directly related to forest basal area from an early age when forest 
volume is increasing. When this is not the case it is assumed to be a result of 
attenuation of the dominant stem-ground interaction due to the presence of an 
excessive number of forest stems. SERA uses canopies for light interception but to 
remove their attenuating influence, and reinforce the concepts of this work, only 
stems provide backscatter values. This work reveals that backscatter saturation need 
not be a direct result of attenuation but more a comment on forest dynamics and the 





8.2  Introduction 
 
Models such as the “Water Cloud Model” (WCM) (Attema and Ulaby 1978) and 
“Random Volume over Ground” (RVoG) (Papathanassiou and Cloude 2001) have 
become two of the most widely used simplifications of microwave scattering from 
forests, and are widely seen as an adequate representation in terms of total 
backscatter. Effective exploitation of airborne and spaceborne SAR requires a 
theoretical understanding about the relationship between backscatter and forest 
volume/biomass. It is a widely held view, resulting from the nature of the WCM, that 
the saturation of backscatter is a result of the increasing attenuating properties of 
forest canopies – saturation occurs when the forest layer effectively becomes opaque 
to the microwaves. However, there is modelling evidence showing saturation for 
lower planting densities (Woodhouse 2006b), as well as empirical evidence when 
comparing Savanna and coniferous forest saturation levels from JERS-1 datasets of 
(Santos et al. 2002) and (Fransson and Israelsson 1999). Supporting theories exist 
concerning the effect of total basal area on Optical backscatter (Brolly and 
Woodhouse 2010) that suggest that the WCM may not be as generally applicable as is 
widely thought. In particular, saturation may be caused by other factors, such as the 
ratio of dominant stem radius to wavelength (Smith-Jonforsen et al. 2007; Smith and 
Ulander 2000). 
 
In (Woodhouse 2006b) it was initially shown how macroecology could be used to aid 
the process of forest modelling using remote sensing. The model used was the 
“General model for structure and allometry of plant vascular systems” (WBE) (West 
et al. 1997), which has its roots in an explanation for the origin of allometric scaling 
laws. Despite some important limitations this model displays key advantages that 
make it an appropriate first-order linkage between simple backscatter modelling and 
models of biological function. WBE is based on the constraints of biomechanics and 
resource distribution for a single plant. SERA (Spatially Explicit Reiterative 
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Algorithm) on the other hand, is an area model that has similar macroecological 
principles imbedded, but uses them to model plant (tree) communities. It achieves this 
by accounting for light and space competition as SERA was designed “to evaluate 
how different species compete in a world space whose physical attributes, are clearly 
defined” (Hammond and Niklas 2009). 
 
In this work the SERA description of forest population structure is used as input to a 
radiative transfer model, RT2, to simulate radar (microwave) backscatter values 
expected from airborne or spaceborne radar imagers (Cookmartin et al. 2000). 
 
8.3  Methods  
8.3.1 SERA 
 
SERA (introduced in Chapter 3.2) is a forest growth model which accurately 
reproduces the community dynamics of a collection of trees competing for light and 
space resources. According to (Enquist et al. 1998a) a variety of plant ensembles are 
observed to “self-thin” in accord with the same or very similar scaling exponents to 
one another. As a result of this, SERA was designed to incorporate this self 
management technique to allow evaluation of how different species compete when 
the physical attributes, such as the direction and intensity of incident sunlight are 
clearly defined. SERA provides a first estimate of the outcome of forest dynamics in 
a homogeneous environment from the onset of plantation until a user-defined point. 
Variability of water and nutrient resources are not considered. The computer 
simulations are discussed exclusively in the context of competition for light and space 
as a starting point for assessing competing theories purporting to explain the real 
world behaviour of plants, particularly forests. 
 
Within SERA each plant is intentionally simplified to consist of a single 
photosynthetic surface elevated by a single stem. Similar concepts have been 
explored in (Niklas 2000) and (Chave 1999) but in this work the canopy is only used 
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to determine ensemble growth. Whereas some models represent the canopy as a flat 
disc, SERA treats each canopy as a hemispheric layer of uniform thickness. The angle 
of solar incidence is time averaged to 0 degrees such that the projected canopy area is 
the total photosynthetic area available for each plant. For the purpose of the 
backscatter modelling, we consider only longer wavelengths and therefore do not 
include the canopy.  
 
One of the advantages of SERA is that it requires relatively few input variables, 
consisting of 20 species specific parameters and representative values. Of these 
variables only six scaling exponents are required to generate a species. Unlike WBE, 
the relationships in SERA that govern allocation of stem mass to stem diameter and 
height allow a transition from stem geometric self-similarity to geometric non-
similarity. Such considerations were given in (Woodhouse 2006b). SERA allows 
scaling exponents to change within the lifetime of a stem with the scaling change 
found empirically to occur around the onset of maturity. SERA also minimises input 
parameters by assuming species similarities (Gifford and Foster 1989; Taiz and 
Zeiger 2002). 
 
SERA consistently predicts that plant lifetimes scale as the ¼ power of body mass, a 
scaling relationship that has been reported for diverse plant species (Marbà et al. 
2007). A number of naturally occurring scaling relationships also emerge as the direct 
result of competition for light and space, even in a simple homogeneous scenario. 
Many of the scaling relationships predicted by SERA also emerge from WBE 
suggesting that SERA and other mathematical/theoretical explanations for observed 
real-world scaling relationships have conceptual common ground. When plants 
violate physical laws, such as the Euler-Greenhill mechanical relationship governing 
the buckling height of a stem (Niklas and Spatz 2004), the result is death. Mortality 
also results from light deprivation or stochastic/age-dependent processes. In this way 




Figure 8.1. Horizontal and bottom-up representation of Abies Alba forest emanating from single 
stem. Glimpses (clockwise from top left) at 40, 60, 80, and 100 years over 1ha. Brown represents 
stems, darkness of green represents level of canopy shading, for example bright green represents 
unshaded canopy. Blue represents sky, indicating zero canopy cover between ground and sky.  
 
 204 
SERA’s robustness was assessed biologically through comparison with the ensemble 
behaviour of thoroughly investigated and collated empirical data. The world wide 
compendium for forestry data compiled by (Cannell 1982) was used as a reference to 
survey the primary literature published before 1982 to identify long term studies of 
monospecific forests. Of these the most useful data set for any species was for a 
single Abies Alba population documented every 5 years for 95 years starting 10 years 
after initial planting (referenced and used in (Hammond and Niklas 2009)). Cannell 
(Cannell 1982) was then used to statistically characterise 332 angiosperm and 343 
conifer dominated communities to emulate the dynamics of “generalised” 
populations. 
 
The high extent to which SERA was successful at emulating the behaviour of real 
forest populations is documented in (Hammond and Niklas 2009). The true capability 
of SERA is its ability to predict the fate of a species under varying degrees of spatial 
and temporal heterogeneity. Figure 8.1 emphasises the visual capabilities of SERA 
when presenting a randomly seeded forest. 
 
8.3.2 Rayleigh and Optical Scattering Theory 
 
In (Brolly and Woodhouse 2010) it was shown that it is possible to make a first order 
estimate of trends of backscatter using some approximations based on whether the 
stem cylinders lie in the Rayleigh or Optical scattering domain. In a similar fashion 
the trends in backscatter as a function of stem radius are considered here. The three 
possibilities that exist are:  (1) the stem specifications lie completely in the Rayleigh 
scattering domain, (2) they lie entirely in the domain of Optical scattering, and (3) the 
stems consist of both size classes spanning both domains.  In the Rayleigh case we 
assume the backscatter from each cylinder increases with the square of the volume, 
and for Optical, it increases with the physical cross-section (Moosmuller and Arnott 
2009). At the transition between these two regimes Mie scattering is dominant but an 
approximation is made that assumes resonant behaviour of Mie “averages out” across 
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this region giving the cumulative effect of a distribution of stem sizes (see Chapter 
7.4.3). This assumption is supported by multi frequency empirical results, for 
example (Lopes et al. 1991) and (Mougin et al. 1993).   
 
Using the data provided by SERA the forest can be segregated according to whether 
the stems are expected to scatter in the Optical or Rayleigh regimes with the 
corresponding backscatter generated accordingly.  
 
For Rayleigh scattering, the total radar cross-section (RCS) of the collection of N 
stems, is given by a proportionality to the square of the stem volume multiplied by the 
number of stems within the stand (Smith and Ulander 2000): 
2VNRayleigh ∝σ                                       (8.1) 
 
Due to the nature of this scattering the maximum backscatter will originate from the 
largest branches with size dominating over number density when all stems are 
Rayleigh scatterers.  
 
In a similar manner, the scenario whereby the radii of all the stems are large enough 
for the cylinders to lie completely in the Optical region is considered (equation (8.2)). 
In this case the RCS of the stand scales with the physical cross-section or total basal 
area according to the relationship between geometric and physical optics as published 
in (Hestilow 2000) and evident under particular scaling properties of the scatterer 
with the physical and geometric optics solutions corresponding when scaling follows 
particular conditions (Hestilow 2000), see also Chapter 2.3.  
ANOptical ∝σ
                   (8.2) 
The ratio of radius to incident wavelength governs the nature of scattering. For this 
work the limits are determined by equations (8.3) and (8.4) which describe the 
Rayleigh-Mie boundary and the Mie-Optical boundary respectively. These limits are 
the same as those outlined in (Woodhouse 2006a) and (Moosmuller and Arnott 2009).  
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Equation (8.3) represents the significant boundary in this work determining Rayleigh 























                   (8.3) 
                     (8.4) 
If the backscatter is solely generated by Optical scattering then as the number of 
stems reduces the backscatter will decrease, but as the size of the remaining stems 
increase and the individual basal areas increase, the backscatter will do so also. 
Therefore there may exist a scenario whereby the reduction in numbers and the 
increase in the basal areas of the largest stems would result in equilibrium and 
therefore backscatter saturation.  
 
 
8.4  Modelling Strategy 
 
By coupling the SERA model to radiative transfer theory and incorporating the ideas 
of the “Matchstick Model” (Brolly and Woodhouse 2010) only one layer of scatterers 
describing the stem properties is required. The limits of this layer are defined by the 
height of the tallest stem present at any time, and the ground surface, a typical 
consideration for longer microwave wavelengths. The radiative transfer model used 
here is RT2 (Saich 1993), a multi-layer second order radiative transfer model similar 
to the MIMICS model used in (Imhoff 1995b) and the UTACAN model used in 
(Woodhouse and Hoekman 2000).  It is described in (Cookmartin et al. 2000) where 
it was used for modelling crop backscatter. In the current study, RT2 was used to 
investigate the backscatter from the SERA forest for a range of scenarios. RT2 is a 
fully polarimetric, second-order solution to the radiative transfer equations that treats 
the vegetation canopy as a plane-stratified multilayer region over a rough surface. Its 
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use in this instance is limited to a single plane with only vertical stems described by 
SERA existing over a rough surface. Here we consider only plant stems which are 
represented as finite-length cylinders and we consider like polarised HH backscatter 
due to its sensitivity to vertical structures.   
 
 
Figure 8.2. RT2 modelled HH backscatter representation of the forest depicted in Figure 8.1 
emanating from a single stem from 40 years onwards. Backscatter in dB normalised to both 1ha and 
0.25ha.  
 
 Due to the limitations of RT2, in terms of the number of allowed scatterer sizes, each 
dataset representing the test stand was divided into 64 size classes (information for 
each single stem is recorded and used during the analysis and creation of equal size 
classes). These 64 size classes were then distributed within this layer. In effect the 
scatterers could be theoretically positioned anywhere within this layer but will always 
remain vertical. With this in mind the test stand parameterisation for RT2 represents 
the total volume and number density of individual size classes but the precise 
coordinates and their individual effects are not transferred from SERA to RT2. For 
this reason this backscatter investigation can only comment on trends of normalised 
backscatter over a large enough area that contains the 64 class sizes and not on the 
contribution of each individual tree. Figure 8.2 shows a typical backscatter-volume 
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plot produced using RT2 representing the forest scenario of Figure 8.1 devoid of 
canopy. Data are shown normalised for the full displayed hectare area and also for the 
quarter hectare area that the simulated forest occupies. Similar trends are exhibited by 
both.  
 
When generating forest data, SERA allows the user to determine the “world” size, 
starting population, and maximum number of cycles (years). In each simulation, 
world space was maintained as a hectare while the other values were varied in order 
to identify trends over a 100 year period. In this work 3 case studies are presented 
representing Angiosperms, Gymnosperms and a combination of both. These 3 
“forests” are subjected to the same conditions and allowed to grow unmanaged for a 
100 year duration. Following the simulated growth, separate backscatter values can 
be generated for the total volume, the Rayleigh volume, and the Optical (Non-
Rayleigh) volume using the limits defined by equation (8.3). With these distinctions 
made and their backscatter values generated, a comparison of the individual 
contributions to the total backscatter can then be made. As well as this, theoretical 
values are calculated, based on equations (8.1) and (8.2), to show whether the total 
backscatter can be represented as a saturating effect caused by transitions from one 
scattering regime to another in conjunction with forest dynamics. By inferring a 
relationship between the Rayleigh volume and backscatter in the form of equation 
(8.1) and between the Optical basal area and backscatter as in equation (8.2), 
theoretical backscatter values for these components can be established and combined 
to provide a theoretical total backscatter based on just two types of scattering. 
Multifrequency analysis can also be carried out to aid investigation and to infer an 
inverse relationship between wavelength and forest saturation age. This process will 
provide further evidence as to the radius-wavelength ratio association to backscatter.  
 
For each species composition, the effects of volume, basal area, number density, and 
height were investigated in order to highlight significant links between HH 
backscatter and forest constitution. All of the following work is carried out using 
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SERA to generate the forests and RT2 or theoretical equations to generate backscatter 





Figure 8.3. Horizontal and bottom-up representation of Abies Alba forest before canopy removal. 
Glimpses clockwise from top left at 0, 25, 50, 75 and 100 years over 1ha. Brown represents stems, 
darkness of green represents level of canopy shading, for example bright green represents unshaded 
canopy. Blue represents sky, indicating zero canopy cover. 
 
Three scenarios were examined; these scenarios were the forest configurations of a) 
Abies Alba (Gymnosperm), b) Generic Angiosperm (Angiosperm), and c) Mixed 
Species (Gymnosperm and Angiosperm).  Figure 8.3 shows a typical visualisation of 
SERA derived data at 0, 25, 50, 75 and 100 years. This particular forest is for the 
Abies Alba forest. Each forest can be viewed in a similar fashion using horizontal and 
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bottom up views. These figures highlight the potential of this modelling procedure to 
both aid backscatter interpretation as well as to identify how the evolution of a forest 






















Figure 8.4. RT2 modelled P-Band HH Backscatter and volume values shown with respect to the 
visual appearance of the SERA Abies Alba forest at 0, 25, 50, 75 and 100 years old, left to right 
respectively. Note that backscatter and volume values are representative of stems. 
 
Each forest in this study is based on an initial planting density of 25000 seeds, to 
mimic the empirically monitored forest of Abies Alba used as a comparison for the 
SERA model. The numerical description of the forest progression is given in Table 
8.1. for scenario a) with the backscatter against volume per ha. plotted in Figure 8.4.  
 
The backscatter for Abies Alba follows the typical saturation pattern commonly 
reported in forest SAR studies (Baker et al. 1994; Imhoff 1995a). As the forest 
volume increases, the returned backscatter does so also. When the volume reaches a 
certain limit the increase in backscatter per unit volume reduces significantly until 
under certain circumstances the increase saturates, signalling a zero increase in 
backscatter per unit volume. This is seen at approximately 650m3/ha, a significantly 
large volume density but the steady decline in backscatter change with volume begins 
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at a much lower volume. In a similar fashion (Baker et al. 1994) noted that the 
“gentler rise” occurred at ages beyond 20 years for the empirically monitored 
Corsican Pine, similarly here for the modelled Abies Alba. The most common 
explanation for this saturation behaviour is given as attenuation resulting from 
increasing density of canopy components. This would appear to be an acceptable 
explanation when taking into account the visualisations shown in Figure 8.4 but for 
these scenarios all backscatter is generated for a single layer with a zero canopy 
component. Alternate explanations must therefore be considered bearing in mind the 
backscatter contributions of Rayleigh and Optical scatterers in this scenario when 
plotted against volume, with modelled Rayleigh scattering at high volumes appearing 
to contribute very little to total backscatter. As the volume values and visualisations 
suggest, there will inevitably be an increase in attenuation as a forest’s size increases. 
At very short wavelengths the attenuating effects will be caused by the smaller 
canopy branches but at longer wavelengths the attenuating effects of the canopy will 
have less influence. With the removal of canopy considerations the backscatter values 
are therefore not influenced or compromised by canopy attenuation. The 
inconsistency evident in the backscatter curve of Figure 8.4 can be explained through 
numerical evaluation of Table 8.1 which indicates that the backscatter levels are 
susceptible to interference from the vast numbers occupying the limited space 
producing unsustainably large basal areas (comparison with Table 8.2 affirms this). 
 
With the theories proposed by the “Matchstick Model” (Brolly and Woodhouse 2010) 
and acquired modelling evidence, including that of SERA, it is believed that the 
saturation behaviour exhibited in each scenario is not in fact associated with 
attenuation. In (Brolly and Woodhouse 2010) it was predicted that saturation effects 
are due to the presence of optically scattering branches or stems. In that work the 
forest was controlled by the presence of mono-sized stems so that the transition from 
Rayleigh to Optical scattering could be easily monitored. In this work using SERA 
the more realistic scenario of multi-sized, multi-generational stems occupying any 
particular stand are considered. 
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The contribution to the total backscatter of the different sized stems is expected to 
show that complete saturation is very rarely achieved in nature due to the continual 
regrowth taking place beneath the dominating upper canopy, especially upon 
senescence with a more common occurrence for a gradual change in backscatter per 
unit volume to be observed. This suggests that a climax forest continues to have a 
continuing volume contribution from Rayleigh scatterers in both the canopy and from 















0 24809 0.00 0.00 0.02 0.00 0.000 
2 24409 0.06 0.26 0.23 0.00 0.059 
4 24010 1.08 1.68 0.65 0.00 1.084 
6 23562 6.41 5.27 1.22 0.00 6.406 
8 22950 21.79 11.57 1.89 21.72 0.077 
10 22318 53.76 20.57 2.65 53.76 0.000 
12 21403 105.29 31.29 3.46 105.29 0.000 
14 18829 166.42 40.19 4.33 166.42 0.000 
16 14720 218.18 43.92 5.24 218.18 0.000 
18 10753 253.18 43.32 6.19 253.18 0.000 
20 7598 272.58 40.26 7.17 272.58 0.000 
22 5477 286.08 37.04 8.18 286.08 0.000 
24 4048 296.66 34.11 9.22 296.66 0.000 
25 3128 271.53 29.81 9.67 271.53 0.000 
26 2685 272.81 28.35 10.14 272.81 0.000 
28 2227 300.30 27.82 11.57 300.30 0.000 
30 1926 330.27 27.71 12.78 330.27 0.000 
32 1716 361.67 27.95 13.87 361.67 0.000 
34 1558 392.70 28.27 14.86 392.70 0.001 
36 1429 422.11 28.61 15.76 422.11 0.003 
38 1317 450.68 28.98 16.60 450.68 0.003 
40 1245 480.89 29.56 17.38 480.89 0.005 
50 896 570.17 29.33 20.57 570.16 0.012 
60 872 649.25 29.84 22.92 649.23 0.022 
70 838 681.19 28.95 24.84 681.17 0.023 
80 854 739.32 29.71 26.46 739.30 0.021 
90 839 774.21 29.83 27.80 774.18 0.027 
100 818 831.55 30.85 28.98 831.53 0.022 
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Although the general saturation curve is manifest in each dataset, the effect of a 
rapidly increasing basal area and the subsequent drop off to a more sustainable level 
appears to have a profound effect on backscatter. In a similar way to that seen in 
(Baker et al. 1994), it would appear that single species gymnosperm forests have a 
tendency to overstretch themselves in terms of basal area accumulation per area. This 
area of change coincides with the fluctuation in backscatter around 270m
3
/ha. in 
Figure 8.4 highlighting how “self-thinning” and basal area have a direct influence on 
backscatter levels. 
 

































0 24825 0.00 0.00 0.04 0.00 0.000 
2 24400 0.97 1.21 0.80 0.00 0.971 
4 23039 44.12 12.68 3.77 43.95 0.445 
6 15733 153.33 21.68 7.51 153.33 0.000 
8 12167 227.12 24.49 9.76 227.12 0.003 
10 9776 277.03 25.63 11.36 276.87 0.167 
12 7471 316.11 26.39 12.60 315.91 0.201 
14 5871 348.82 26.89 13.62 348.70 0.116 
16 4776 377.12 27.29 14.47 377.01 0.117 
18 4043 397.31 27.31 15.20 397.24 0.073 
20 3519 418.74 27.55 15.85 418.66 0.084 
22 3087 437.81 27.78 16.43 437.73 0.080 
24 2814 457.96 28.16 16.95 457.91 0.053 
25 2664 464.69 28.16 17.19 464.63 0.063 
26 2527 471.38 28.17 17.43 471.31 0.063 
28 2364 488.82 28.50 17.86 488.76 0.068 
30 2141 496.76 28.28 18.26 496.69 0.074 
32 2038 507.91 28.36 18.64 507.85 0.067 
34 1954 515.26 28.26 18.99 515.20 0.057 
36 1869 521.50 28.14 19.32 521.44 0.060 
38 1763 531.02 28.20 19.63 530.96 0.060 
40 1683 537.98 28.17 19.92 537.92 0.063 
50 1415 539.36 27.61 21.17 559.31 0.052 
60 1407 568.25 26.98 22.19 568.20 0.048 
70 1232 586.58 27.08 23.03 586.55 0.035 
80 1262 587.96 26.50 26.51 587.90 0.056 
90 1415 577.94 25.63 24.35 577.88 0.052 
100 1556 556.05 24.68 24.74 555.99 0.060 
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The backscatter data for scenarios b) and c), defined previously, are shown in Figure 
8.5 for RT2 simulated Total backscatter, Optical backscatter and Rayleigh backscatter 
with both cases exhibiting very similar behaviour. The mixed species forest 
composition emphasises the competitive dominance of angiosperms over 
gymnosperms as time elapses, with the forests of the generic angiosperm and mixed 
composition almost identical in number and structure as the forest matures. As a 
result the backscatter data is very similar. Table 8.2 shows the specific data for the 
generic gymnosperm forest.  
 
 
Figure 8.5. RT2 P-Band HH backscatter associated with SERA generated stem forests over a 100 
year period. RT2 backscatter generated for total forest, Optical forest and Rayleigh forest according to 
limits of equation (8.3) for scenarios b) and c). 
 
In both cases the total backscatter appears to progress in a more uniform way than for 
the Abies Alba scenario. Thinning is at a much greater level and basal area and 
volume increase at a steady rate with no obvious overexpansion. The mixed species 
forest example consists of 6 variations of species. These six comprise Abies Alba, 
generic angiosperm with additional shade constant, generic angiosperm, generic 
gymnosperm, generic gymnosperm featuring the Abies Alba specific photosynthesis 
constant, and generic gymnosperm with the Cryptomeria photosynthesis constant. 
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When planted in equal numbers the dominant species after 100 years becomes the 
generic angiosperm with a gradual reduction in the overall percentage of 
gymnosperm contribution from an early age. 
 
 
8.5  Results 
8.5.1 Forest Data Comparison of Mono and Multi Species Plots 
 
In order to apply the theoretical values of backscatter based on equations (8.1) and 
(8.2), the backscatter must be separated into both Rayleigh and Optical scatterers 
according to equation (8.3), with Optical denoted as anything non Rayleigh. With the 
stems separated into their respective scattering size classes the backscatter created by 
the Rayleigh scatterers can be plotted against the squared volume which they occupy. 
Similarly the Optical backscatter can be plotted against the basal area. By doing this 
the constants associated with equations (8.1) and (8.2) can be obtained and used to 
predict the theoretical backscatter values for the entire volume based on the combined 
results of the simple equations. The results of this process indicate whether the 
backscatter and saturation within a forest can be considered a simple combination of 
two scattering types.  
 
The data provided by this process has already been touched upon and shown to 
produce negligible Rayleigh contribution at high volumes but a noteworthy one at 
low volumes (Figure 8.5). If these relationships in scattering are in fact reliable, 
theoretical values for Rayleigh scattering and Optical (Non-Rayleigh) scattering can 
be generated. By combining the Rayleigh and non-Rayleigh backscatter datasets the 
robustness of the relationship is tested through its correlation with the total 
backscatter produced using the combination of SERA and RT2. High correlation 
would suggest that equations governing backscatter as a ratio of stem size to 
wavelength are correct. This would provide an explanation within this modelling 
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scenario for the saturation effect as forest volume increases beyond certain limits, 
which in the manner of the Matchstick Model and SERA is brought about by a 
reducing number of stems increasing their individual volumes and basal areas. The 
influence of “self thinning” on backscatter is highlighted through these relationships. 
Importantly reductions in stem number are also shown to reduce the effect of signal 
interference so that any saturation will be a result of the physical laws of scattering 
and not attenuation. 
 
The thinning component of (Woodhouse 2006b) considered that at a particular 
volume the forest can adopt a thinning exponent which would indicate a constant 
forest basal area. Such a thinning routine would be implemented in a climax forest 
when resources must be rationed. At different stages of the forest’s growth, this 
thinning value tends to vary. These variations are often noted as an increasing rate of 
thinning with age as volume increases beyond forest maturity. If the vast majority of 
scatterers are Optical scatterers, a feature more common in a mature forest, irrelevant 
of SAR frequency, and the basal area remains approximately constant, then saturation 
of backscatter will be as predicted by equation (8.2). Such a theory suggests that the 
reason the values of volume at saturation points can vary for the same incident 
wavelength is that the nature of the forest structure, as its components compete for 
light and space, determines saturation. If resources are limited the saturation would be 
expected to occur at a lower volume as fewer trees would be able to grow into the 
range of Optical scattering. Oppositely if they are in abundance then saturation would 
be expected at a higher volume. In a similar fashion, saturation could be described by 
age variations and through the types of age stand structures that exist (TASS) 
(Shvidenko et al. 1996). 
 
With regards to the importance of volume and basal area in determining saturation, 
SERA predicts that forests, and the trees within them, consistently appear to reach an 
optimum condition. This relationship between the optimum basal area and volume of 
particular species can be seen in Figure 8.6. As the dominant species in the mixed 
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forest is the Angiosperm it is no surprise that the cases of Angiosperm and Mixed 
species data converge at higher levels of basal area and volume. The Abies Alba data 
on the other hand shows the behaviour seen in mono-species gymnosperm plantations 
of over extension in terms of basal area and then rapid die back. Correlation is still 
shown with the other species but only at volumes below 100m
3
/ha and above 
300m
3
/ha. From the data produced by SERA, a particular stand area has the ability to 
sustain a much larger volume of Abies Alba than the Angiosperm species, with the 
Angiosperms appearing to reach their optimum volume at approximately 600m
3
/ha 
while Abies Alba does not reach its optimum within the 100 year study limit. As for 





/ha with a reduction in basal area only occurring if the optimum volume has 
been reached or over extension occurs. At this point the constraint in volume 
dominates over basal area. With height continuing to increase, the forest must 
therefore scale back in numbers in order to not exceed this optimum volume value.  
 
 
Figure 8.6. Volume per hectare of stems plotted against Basal Area per hectare for 3 SERA cases. 
Circles represent number of stems, the larger the area the larger the number of stems. Initial planting 




8.5.2 Backscatter Consequences of Scattering Regime Transitions 
 
Backscatter increases as the volume increases irrespective of the fluctuations in basal 
area seen for the Abies Alba case of Figure 8.4. With respect to volume the 
backscatter appears slightly higher for the other two cases shown in Figure 8.5, 
although only at levels above 300m
3
/ha. As for the thinning, the rate for Abies Alba is 
much more variable in comparison to the other two cases as is apparent through the 
circle representation of number density shown in Figure 8.6. 
 
With regards to the findings concerning basal area and volume constraints, the 
SERA-RT2 backscatter, and the SERA-Theoretical backscatter, both corresponding 
to the total volume per ha, are plotted in Figures 8.7-8.10 for the 3 examined cases. 
The backscatter appears to follow the expected trajectories of a growing forest which 
at mature levels thins close to a level that maintains basal area (Woodhouse 2006b) 
and as a result approximately constant backscatter is recorded as volume increases. In 
each case the theoretical trajectory matches well with the P-Band RT2 generated 
backscatter above volumes of 300m
3
/ha. At these volumes the majority of stems are 
scattering optically and with the basal area values consistently within the region of 
25m2/ha to 30m2/ha the backscatter assumes a very small fluctuating rate of change. 
This backscatter increase corresponds to the level of basal area increase up to 
volumes of approximately 600m
3
/ha in the cases involving angiosperms and to the 
end of the data range for the Abies Alba case. If the 600m
3
/ha level is assumed to be 
the optimum (or maximum) volume sustainable by generic gymnosperms then up to 
this volume level the relationships laid out in equations (8.1) and (8.2) hold. Beyond 
this level SERA predicts that the behaviour of the forest is altered as it attempts to 
balance volume and basal area constraints rather than the previous process of 
increasing volume while maintaining basal area. The basal area increases are 
represented by the increases in circle area representing data points in the figures in 
question. It is apparent that basal area varies very little above 300m3/ha but increases 
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gradually prior to this, with Abies Alba the exception, showing a rapidly increasing 
and subsequently decreasing value. 
 
Figure 8.7. P-Band HH Abies Alba backscatter with respect to volume per hectare. RT2 generated 
backscatter of SERA forest shown alongside theoretical calculation of backscatter with respect to 
volume. Circle area signifies relative basal area quantity per hectare.  
 
Figure 8.8. VHF HH Abies Alba backscatter with respect to volume. RT2 generated backscatter of 
SERA forest shown alongside theoretical calculation of backscatter with respect to volume. Circle area 




Figure 8.9. P-Band HH Generic Angiosperm backscatter with respect to volume. RT2 generated 
backscatter of SERA forest shown alongside theoretical calculation of backscatter with respect to 
volume. Circle area signifies relative basal area quantity per hectare. 
 
 
Figure 8.10. P-Band HH Mixed species backscatter with respect to volume. RT2 generated 
backscatter of SERA forest shown alongside theoretical calculation of backscatter with respect to 
volume. Circle area signifies relative basal area quantity per hectare. 
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Significantly in the case of Abies Alba the theoretical interpretation of backscatter 
does not fit the RT2 data at volumes between 50 and 300m
3
/ha, Figure 8.7. In this 
region of volume, the basal area reaches unsustainable levels. As a result it would be 
expected that the backscatter will be much higher in this region due to its dependence 
on Optical backscatter. This is manifest in Figure 8.7 through the theoretical 
representation. It is clear that the RT2 data does not follow the theory in this region, 
with the backscatter being overestimated. Applying the theory to the work of (Baker 
et al. 1994) on Corsican Pines would result in a similar outcome, with no great 
increase in backscatter seen for the large increase in basal area exhibited by the forest. 
Reasons for this anomaly could be assigned to the overcrowding of the forest causing 
interference on the backscatter returns; the nature of the forest at this moment in time 
is such that, according to the classification used here, there are no Rayleigh scatterers 




/ha there is no further 
Rayleigh contribution under the constraints of equation (8.3). The same dataset, with 
VHF backscatter, does not suffer from the same level of overestimation in the theory. 
The volumes at which the basal areas are elevated lie within the Rayleigh region at 
VHF and therefore the backscatter is correlated with the volume squared coupled with 
the longer, less attenuating wavelength of VHF, Figure 8.8.  
 
For Abies Alba, at both P-Band and VHF, there is decorrelation at the transition from 
Rayleigh to Optical scattering between the theory and the backscatter, the anomalous 
results showing a data spike in the theoretical backscatter. For VHF this spike is 
located in the region of 350-500m
3
/ha, the spike in P-Band is centred at 
approximately 6.4m3/ha as can be seen in Figure 8.7. Both points mark the last data 
entry before the largest stems are theoretically considered to become large enough to 
scatter Optically. Significantly, if the Rayleigh to Optical boundary was reduced to a 
smaller stem radii these spikes would not occur as the data points would come under 
the Optical relationship of basal area. It is perfectly feasible then to say that the 
boundaries of equations (8.3) and (8.4) are not exact and liable to vary on a small 
scale, anomalous results would be minimised by considering such variations closely. 
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Alternately, under thinning conditions associated with Angiosperms, the impacts at 
these transition zones are greatly reduced. This may be due to the wide variability of 
stem radii in Angiosperm communities allowing a more even spread of values while 
for Abies Alba there is less variation and larger radii steps due to the yearly collective 
mass accumulation rates. 
 
For the cases involving Angiosperms there is a distinct correlation between the 
theoretical and the RT2 generated backscatter values. The anomalies identified for 
Abies Alba are not replicated and the theories correlate extremely well with the RT2 
produced data. Basal area and volume undergo a similar increase for both non Abies 
Alba cases following a generally accepted progression of forest growth. No over 
extension and die back is seen for either the mixed or Angiosperm datasets. The 
similarities and differences in the backscatter of the three data sets can be related to 
Figure 8.11 showing how the stem numbers thin with age. The differences between 
Abies Alba and the other cases are obvious, particularly over the first 30 years of 
growth when the recorded basal areas reach unsustainable levels.  
 
 
Figure 8.11. Stem number thinning with passing years for all cases. Circle size represents relative 
basal area changes, larger circles represent larger basal area. 
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The success of interpreting forest scattering using the ideas laid out in the Matchstick 
Model (Brolly and Woodhouse 2010) in conjunction with SERA and RT2 is 
highlighted through the correlations seen between the datasets. The R
2 
values for P-
Band and VHF are shown in Table 8.3. The effect that the overextended basal area 
has on the Abies Alba data is only seen at P-Band as the VHF data is more dependent 
on the volume squared within this region of over extension. The spike in the 
theoretical backscatter is also much more significant at P-Band. This scenario is seen 
through the great differences in R
2
 describing the theoretical backscatter using 
equations (8.1) and (8.2) with the limits of (8.3) and its likeness to the RT2 generated 
backscatter. 
 




   
  P-Band VHF 
Abies Alba 0.45 0.92 
Angiosperm 0.96 0.90 
Mixed 0.97 0.92 
 
In order to determine the low correlation between RT2 and theory, the thinning rate 
of the Abies Alba stand was increased to that of the Angiosperm and Mixed species 
allowing the two tone scattering regime theory to match up extremely well with the 
RT2 generated backscatter. Complications related to basal area over expansion are 
avoided. This correlation shows that the mismatch between the theory and RT2 in the 
original Abies Alba case is not due directly to the specific species but an occurrence 
related to the basal area and number density; features of macroecological importance 
governing forest dynamics. In essence at a particular frequency the backscatter will 
be limited by a particular level of basal area. By applying the same forest dynamics to 
the Abies Alba case as experienced by the other two cases the same number of stems 
can be present at each age of each forest. The Abies Alba RT2 backscatter of such a 
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forest matches the theory to produce an R
2
 value of 0.95. This crude matching only 
takes into account the largest stems within the stand when reducing the number 
density through the removal of any new growth, but it highlights how the large basal 
area, caused by the presence of many small scatterers, interferes with the backscatter 
return. As such it is deemed that the smallest scatterers act to interfere with the 
important larger stem interactions, specifically the double bounce mechanism. 
 
 
Figure 8.12. RT2 modelled multifrequency HH backscatter for mixed forest of scenario c) (section 
8.5) against volume per hectare. Only vertical stems present over single layer. 25000 initial stems per 
ha. for each case. 
 
Multifrequency backscatter analysis of the mixed species forest of scenario c) from 
Chapter 8.5 is visualised in Figure 8.12. The expected trend in backscatter behaviour 
is exhibited with saturation occurring at higher volumes for lower incident 
frequencies with the highest frequencies producing the highest intensity of 
backscatter. Of particular interest is the fact that this typical behaviour is exhibited in 
the absence of canopy attenuation with saturation exhibited within the volume range 
of 0 to 500 m
3
/ha for frequencies from 5GHz down to 429MHz. Low saturation 
volumes apparent here can be explained by the basal area consistency following 
transition to Optical scattering which occurs at lower volumes for higher frequencies 
due to the sensitivity to smaller scatterers. The 50MHz data on the other hand does 
 225 
not show saturation behaviour within the displayed volume range, with the transition 
of dominant scatterers to Optical scattering not occurring until much higher volumes 
than the other frequencies shown.
 
 
8.6  Discussion 
 
A forest growth model (SERA) was used to investigate the theoretical possibility of 
forest SAR backscatter and saturation being caused by the inherent physics of 
electromagnetic scattering in relation to forest dynamics rather than due to commonly 
held assumptions of signal attenuation. As is often published, the reasons for 
saturation at large forest biomass levels have consistently been attributed in this way. 
The assumption is such that as the size of a forest increases, the ability of an EM 
signal to penetrate through the forest canopy towards the ground is reduced. This 
belief is backed up by the fact that short wavelength radar saturates at much lower 
biomasses in a widely accepted and undebated understanding of EM waves. This is 
empirically an aspect of all electromagnetic studies such as GPR surveys in which the 
penetration depths of particular wavelengths are well known and analysed (Smith and 
Jol 1995).  
 
The existence of attenuation in relation to EM waves is not here debated but rather its 
importance to the particular scenario of SAR forest backscatter saturation. How the 
contribution of attenuation is assessed in this context is carried out through the 
removal of canopy scatterers, as such making the forest transparent. Such a method, 
as proffered in (Brolly and Woodhouse 2010) through the Matchstick Model, uses 
solely the wavelengths most sensitive to the larger forest components, the stems, 
which can contain up to 90% of a forest’s biomass (Cannell 1982). As a result of this, 
the attenuating effects of the canopy are removed physically and theoretically from 
the scenario following the cessation of the forest growth model run, allowing an 
investigation between wavelength, scatterer size (stem), and number density. It has 
been reported in (Fransson et al. 2000b) that backscattered radar signal saturates at a 
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constant level for SAR systems using microwave frequencies at forest biomass above 
40-100t/ha with the reasons for this “constant” attenuation level said to be due to the 
high attenuation in the canopy, but such statements are believed here to be untrue. P-
Band SAR frequencies are included in this generalisation and have been shown to 
saturate over a large range of volumes (Patenaude 2003).  
 
In this study the frequency 429MHz is the principal frequency of investigation with a 
wavelength of 0.7m. Many studies have quoted this frequency to saturate at between 
100 to 200 t/ha (167m3/ha – 333m3/ha), but as the theories presented here would 
suggest these saturation figures are not dependent on the biomass of the forest, but on 
the size of its constituent components and the methods, man made or natural, of 
controlling size dynamics. In a typical forest 333 m
3
/ha represents a biomass at which 
the forest has had several years of growth and has become mature. When a forest has 
achieved this status the most consistent forest parameter is the total basal area of the 
stand. Using SERA (Hammond and Niklas 2009) and simulating, from conception, 3 
separate forests consisting of Abies Alba, generic gymnosperm and the forest 
consisting of mixed species, each forest has shown that for this level of volume the 
change in basal area per year of growth is less than 1% every year. With the nature of 
Optical scattering being proportional to the basal area increase of the stand 
(Moosmuller and Arnott 2009; Woodhouse 2006a) the backscatter would be expected 
to saturate if the rate of increase of basal area with volume stagnates. According to 
equation (8.2) if there is no increase in basal area then there will be no increase in 
backscatter. This statement is indeed true if the forest is entirely devoid of Rayleigh 
scatterers, but with the existence of regrowth in each of the simulated forests there 
remains a small contribution from Rayleigh scattering proportional to the volume 
squared (Smith and Ulander 2000) and equation (8.1). Due to the nature of this 
backscatter, small increases in volume will result in a much greater increase in 
backscatter than that caused by similar basal area increases. By modelling forests 
devoid of canopy, it is perfectly viable that complete saturation could be observed but 
due to the dynamism of a forest this is unlikely in a natural setting. Figure 8.12 helps 
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to explain the relationship between forest backscatter, volume, and frequency. In a 
single layer defined by the height of the largest stem, the trends are considered to be 
driven by stem size rather than extinction with stable saturation more apparent for 
higher frequencies for which more of the forest will scatter optically. 
 
SERA has predicted that a forest will grow to reach an optimum basal area as well as 
an optimum volume. In biological terms the forest can only be sustained within the 
confines of the allocated area and in accordance with the nutrients available, when 
these are expended only senescence followed subsequently by regrowth or additional 
growth to the survivors will take place. At such times the volume and basal area will 
be temporarily reduced until the gap can be filled. At this point it would appear that 
different backscatter values to those expected are possible in response to the change 
in number density and total size and structure changes of the forest. These backscatter 
changes are proposed to be directly related to the variation in the mix of Rayleigh to 
Optical scatterers resulting from mature death and regrowth. By coupling SERA with 
RT2 it has been shown that the Optical and Rayleigh scattering contribution influence 
the saturation effects encountered in forest SAR surveys and are directly affected by 
adverse growing dynamics within a forest. By separating the forest into Rayleigh and 
Optical scatterers and calculating theoretical backscatter values based on simple 
equations defining two scattering types, the fit to the RT2 modelled backscatter 
values represents corroborating evidence pertaining to the nature of saturation. For 
the 3 simulated forests, R
2
 values at P-Band of 0.45 for Abies Alba, 0.96 for generic 
angiosperm, and 0.97 for the mixed species represent a successful correlation 
between the theory and the radiative transfer data with the low result for Abies Alba 
being discussed earlier and explained as a feature of forest overcrowding and 
uncertainties in boundaries assigned to the Rayleigh size limits. For VHF the 
correlation is trustworthy with Abies Alba producing R
2
 of 0.92, with the generic 
angiosperm and mixed species giving values of 0.90 and 0.92 respectively; high 
values of correlation but generally lower than at P-Band due to the increase in 
proportion of Rayleigh scatterers. 
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8.7  Conclusions 
 
In natural climax forests, with canopy features, the contribution of predominantly 
Rayleigh scatterers across the microwave range can be more significant than the 
negligible status they have been given by the modelling work here. Although it will 
be expected that their contribution will be to attenuate the signal, canopy scatterers 
will also be expected to increase the volume squared proportional backscatter 
quotient. In a mature forest there may be enough continual new Rayleigh volume 
growth in the under-storey to allow the backscatter of the forest to increase beyond 
the apparent saturation points, regardless of basal areas although additional volume 
growth in the canopy may not be encountered. This is believed to be one of the main 
reasons that complete saturation is rarely measured. If a forest features an active 
canopy as well as regrowth on the forest floor then there will be a consistent Rayleigh 
presence. This is even true at very high SAR frequencies at which the sensitivity to 
scatterers in the higher echelons of the forest is high. At low frequencies such as VHF 
the contribution of Rayleigh scattering will be prominent up to high volumes due to 
the ratio of wavelength to radius, although the sensitivity to smaller scatterers will be 
low resulting in lower intensity values than would be seen for a similar forest 
surveyed using a shorter wavelength.  
 
Across two incident frequencies regarding three forest stands, five out of six studies 
showed that SERA forests predicted that backscatter is largely influenced by forest 
basal area. All 3 cases using VHF showed high correlation between RT2 generated 
backscatter and the values predicted by theory using constants derived from the RT2 
data. For P-Band two out of three cases provided the same result. Each of these 
scenarios points to a relationship between the forest and backscatter that is driven by 
early forest growth through increasing basal area of optically scattering forest 
constituents. When basal area remains consistent only small changes in backscatter 
are noted with backscatter levels assumed to be a result of backscatter contribution 
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from senescence of larger trees and forest regrowth. The anomalous scenario is that of 
P-Band for Abies Alba with the backscatter only loosely associated with the basal 
area increase, and being largely overestimated by the theory. This lower correlation is 
due to forest overexpansion and interferance with the important double bounce 
scattering, a dominant mechanism at P-Band and longer wavelengths (Saatchi and 
McDonald 2002). Attenuation is not believed to influence the saturation in the 
absence of this behavioiur. 
 
Although there remains work to be done in this area this study provides evidence to 
counteract the belief that forest SAR saturation is a result simply of canopy 
attenuation. Although the existence of attenuation is not debated, its role in saturating 
the backscatter return is questioned by the existence of trends upon removal of 
attenuating influences. What is left is an analysis of two scattering types combining in 
a forest situation to provide total backscatter. Saturation is therefore not expected to 
fit any particular model or correlation with biomass but rather with size of forest 
components in conjunction with existing dynamics. Many tree species have similar 
allometric scaling exponents and in combination with forest dynamics the majority of 
stems will reach a certain biomass at a certain age. This age may represent a size of 
stem which will scatter optically and as a result of the majority of stems, and total 


























































9 Thesis Discussion 
 
This thesis has been provided in the form of five individual studies with each 
disseminating an independent scientific finding but are linked through the key factors 
of the forest, macroecology and remote sensing. Each study has incorporated a 
macroecological model to simulate both forest growth and structure and in four of the 
five studies radiative transfer backscatter modelling has been used to obtain links 
between forest form and structure and the SAR backscatter response. The research 
studies included in this thesis have followed a progression from an analysis of forest 
structure in terms of the relationships between forest volume and height (Chapter 4) 
to conclude with a study of the same structures from a backscatter perspective 
relating to forest volume (Chapter 8). In the intermediate chapters the impact of both 
vertical and horizontal structural variations have been examined. In Chapters 5 and 6 
forests of mono-size and mono-aged trees were used to provide vertical backscatter 
profiles of a forest at a particular moment in time while in Chapter 7 these same 
mono-sized forests were used to provide the horizontal backscatter profile for a series 
of stands representing different ages. These stands could be considered the same 
stand at various times or neighbouring stands of different ages. The significance of 
the findings of these chapters in relation to the questions and hypotheses provided in 
Chapter 1 are here discussed with the first question the main focus of this study. Each 
of the experimental chapters (4-8) are concerned with the effects of variation in either 
the vertical or horizontal forest structure. Horizontal variations are defined by the 
effects of self thinning with visual examples of this provided in Figure (3.4) with a 
more explicit analysis of thinning variation given in Chapter 7. Vertical structure 
variations are also defined by thinning on a stand scale but a more significant impact 
on the vertical distribution of biomass is made by scaling variations between 
branching levels and general allometry considerations (Chapter 1.4).  
 
Chapter 4 focusses on the structure of a heterogeneous forest which can vary over 
time in both its horizontal and vertical distribution of biomass. As the forests in this 
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chapter do not possess branching architecture the effect of scaling on the vertical 
distribution is negligible with the structure largely a result of mortality and regrowth. 
Structural variation is typically associated with stand age and thinning rates are driven 
by competition. An example of the vertical distribution of stem and canopy biomass 
predicted by SERA is shown in the appendix Chapter 12.4 where this distribution is 
described in terms of biomass per metre. Chapter 4 considers the consequences of 
these structural variations on the relationship between forest height and forest volume 
and subsequently for the use of interferometry. These variations are significant for the 
inferral of forest height to indirectly estimate forest volume through allometry. This 
method has been used in studies such as (Mette et al. 2003), (Wegmuller and Werner 
2002) and (Hajnsek et al. 2009). The work of Chapter 4 indicated that forest mean 
height is the the most accurate indicator of forest volume (see Figures (4.1, 4.2, and 
4.4) for comparison) but its success is diminsihed by the difficulties associated with 
attaining such height measurements from field measurements. Also, and more 
significantly for remote sensing studies no definable relationship between mean forest 
height and the scattering physics of SAR is easily obtainable. As a consequence a 
trade off between an accurate height measurement for establishing forest volume and 
an applicable height measurement related to SAR scattering is required. In this study 
Lorey’s height is suggested as a compromise as it offers a more reliable and 
applicable height classification than the other alternatives of maximum height and 
H100, see Tables (4.1 and 4.2). The fact that forest volume and height are shown to 
possess no unique relationship as a result of both horizontal and structural variations 
as a forest grows regardless of the height classifications chosen serves as a warning to 
studies that employ allometric conversions (see Figure 4.8). The work of Chapter 4 is 
an example of how vertical and horizontal heterogeneity across forest stands have a 
significant impact on the use of remote sensing for forestry.  
 
The interferometric implications of structural variation implied by Chapter 4 are 
explored in Chapters 5 and 6 with the effects of variation in the vertical plane 
examined. In these chapters the consequences of number density and size distribution 
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within the vertical profile of the forest are the focus. Chapter 5 analyses the 
consequences of structural variations resulting from scaling exponent changes 
between parent and daughter branches (Figure 5.8) while Chapter 6 incorporates 
increased values of possible daughter branches, n, from each parent to provide a fuller 
canopy (see Chapter 6.5) with coherence tomography used both with the original 
WBE and with the scaling variant of the model. What both of these chapters highlight 
is that the vertical profile of backscatter can be used to determine scattering phase 
centres both in intensity and interferometric studies and is affected significantly by 
structural variations, particularly within canopies. This is not just a result of SAR 
frequencies (Figure 5.6) but also as a result of the distribution of biomass through 
number density and size variations. Typically the RVoG model of attenuation 
(Treuhaft and Siqueira 2000) has been deemed adequate to describe the SAR 
saturation effect over forests and also the vertical distribution of backscatter. In 
Chapters 5 and 6 the use of this model is brought into question due to its inability 
within the scope of these scenarios to represent the shape of backscatter.  
 
The importance of number density and size variation is emphasised in Chapter 5 
when describing the shape of the vertical SAR backscatter profile of a forest. Due to 
branch size variation within a canopy and the relationship of each individual branch 
to the wavelength of the incident SAR frequency it is possible that scattering regime 
transitions occur (see Chapter 2.3). These scattering transitions are shown to 
influence the shape of the vertical backscatter profile and determine the maximum 
backscatter locations within the canopy as a consequence of the dependencies of these 
scattering regimes. The scattering trends resulting from these transitions are further 
explored in Chapters 7 and 8 using the Matchstick Model and the more heterogeneous 
SERA model (see Chapters 3.2 and 3.3) to examine the effects of horizontal structural 
variation resulting from thinning. In Chapter 7 the structural variations are largely 
confined to the horizontal plane due to the mono-sized stems that occupy the studied 
forests but in Chapter 8 horizontal and vertical structural heterogeneity are both 
considered. The work of Chapter 8 reinforces the findings of this thesis concerning 
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the effects of scattering regime transitions on backscatter trends by indicating that 
saturation does not have to be an effect of attenuation but can be caused by the 
changing structure and increasing size of a forest and the resultant change in 
backscattering behaviour. 
 
Of key importance to this study are the particular influences on forest structure played 
by macroecological parameters. It has been emphasised that tree structure impacts on 
backscatter trends, see (Castel et al. 2002; Dobson et al. 1992), here forest structure 
variations are assigned to effects of stand scale macroecological variations. The 
impact on backscatter trends of those considered in this study are discussed here: 
 
• Thinning 
Thinning is seen in this study to be the largest influence on backscatter trends both 
with respect to forest volume and forest height. Forest dynamics are largely seen to be 
driven by this behaviour. In Chapters 4 and 8 thinning is determined by species 
specific relationships provided by SERA which determine the stochastic probabilities 
of mortality and also of how thinning can be driven by competitive behaviour. These 
thinning measures ensure that gaps appear in the forest landscape allowing regrowth 
to occur. An example of this can be seen in Figure 8.3 which shows gaps appearing 
for a SERA modelled forest. The implications of this being that the forest becomes a 
multi-age environment where trees of different sizes share the same stand. This is 
evident in Chapter 4 where heterogeneity in vertical size reduces the effectiveness of 
height to volume relationships. In Chapter 7 thinning operates in a different manner 
with mortality induced by a user defined thinning rate. The subsequent mortality 
provides space for existing trees to expand. No regrowth is considered by the model 
therefore the forests are represented by mono-age and mono-size stems as depicted by 
d=1 or d=2 thinning in Figure 3.4. In the absence of thinning the same number of 
stems may represent a forest stand for a large period of time without mortality as 
represented by the d=0 thinning of Figure 3.4. Such thinning behaviour is similar to 
that exhibited by managed plantation forests with stands largely represented by a 
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common age and height value to ensure maximum yields. In Chapters 5 and 6 
thinning is not an active part of the investigation but the thinning behaviour chosen 
ensures that canopy extinction does not influence the backscatter distribution. 
Although each vertical profile is a snapshot of an individual stand at a particular time 
the forests of Chapters 5 and 6 are modelled to allow transmission through the 
canopy. In the absence of thinning, forests of multi branching layers may become 
dense and produce a large drop off in backscatter when the density of the forest is 
such that occlusion is influential.  
 
Thinning is also seen to be the driving force behind forest backscatter saturation. In 
the absence of thinning, saturation will be dominated by attenuation, but in the 
presence of thinning saturation is a function of forest basal area and scattering 
transition. When using the WBE model, the SERA model and the Matchstick Model 
(Chapters 3.1, 3.2, 3.3) the total basal area of a forest is seen to either level off at a 
particular value (Figure 8.4) or can be manipulated to do so through user defined 
inputs of d=2 (Figure 7.10). In each case the backscatter contribution is seen to 
follow this constant total basal area value if the forest is of a mature size and in an 
area that suggests a resource limited value. This can be visualised in Figures (7.6-7.8) 
from Chapter 7, and through analysis of Figures (8.4)  and (8.5) and the data of Table 
(8.2) also see appendix Chapter 12.3. What these results suggest is that in the absence 
of significant attenuation the SAR backscatter saturation behaviour is driven by the 
total basal area of the forest. As this appears the case when forests are of a particular 
maturity, the relationship then applies to large stems, with the ratio between scatterer 
and incident wavelength significant. For radar frequencies the higher the value the 
smaller the radius required to cause a transition from Rayleigh to Optical scattering 
suggesting lower forest volume levels of saturation due to the dependence of Optical 
scattering on the physical cross section of a scatterer. Figure (8.12) exhibits the 
frequency variation in saturation behaviour for a heterogeneous forest in age and size 
and is not considered an effect of attenuation. This is especially true throughout this 
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study as long SAR frequencies of L, P and VHF Band are used as well as canopy free 
forests in Chapters 7 and 8.  
 
As the evidence suggests thinning to be the driving force behind SAR backscatter 
saturation over forests it consequently has direct influence on other specific 
macroecological parameters. Examination of these parameters provides further 
information on why thinning has such an influence on backscatter trends. 
 
• Number Density 
Chapter 5 provides the most significant evidence of how number density variations 
impact on backscatter behaviour. Thinning in a forest not only reduces the number of 
stems as visualised in Figure 3.4, but also reduces substantially the number of 
branches within a canopy layer of a forest. When thinning reduces the number of 
branches within a layer in the generalised setting of a WBE forest the proportion of 
smaller branches will be most significantly reduced due to their abundance in the 
vertical structure. One stems loss leads to many branch losses. The significance of 
this is the scattering behaviour exhibited by branches on either side of the scattering 
transition described in Chapter 2.3. The association of dominant influence of number 
density in Optical scatterering and size in Rayleigh scatterering means that a thinning 
imposed reduction in numbers could lead to alteration of the vertical backscatter 
profile of a forest similar to the examples shown in Figure (5.8). 
 
For the horizontal structure the effect on number density is also significant with 
Chapters 4, 7 and 8 highlighting how forest stands must thin the number density of 
stems due to both space restrictions and to allow individuals to grow to greater sizes. 
The typical occurrence is for number densities to reduce and individual sizes to 
increase as volume increases. The reduction in the number density of larger stems is 
then a precursor to SAR backscatter saturation as a reduction in number density 
allows basal area to remain constant across a forest stand increasing in volume. This 
again indicates the importance of scattering being dominated by the Optical regime so 
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that when number density has been reduced sufficiently in the presence of a dominant 
distribution of Optical sized scatterers saturation occurs. Apparent in Figure (8.5). 
 
• Basal Area 
The total basal area has been shown through the modelling in this thesis to be the 
driving force behind the saturation effect. This is due to the relationship of Optical 
scattering with the physical cross section of scatterers. The effect on basal area caused 
by thinning is a direct consequence of number density reduction. Thinning of stem 
numbers does not necessarily reduce the rate of volume increase of a forest over time 
due to the continuing accumulation by the remaining stems in both height and basal 
area (Figure 7.2) but thinning can severely inhibit the increase in total forest basal 
area as is the case for d=2 thinning shown in Chapter 7. When visualised using 
Figure 3.4 and the work of Chapters 7 and 8, thinning can be seen to significantly 
alter the relationship between forest volume and forest basal area with multiple forest 
volumes being possible for the same forest basal areas. This is a result of the variable 
relationship between height and volume (see Chapter 4). What this also implies is that 
the relationship between SAR backscatter and forest volume can not be unique as 
future mission proposals using SAR backscatter such as BIOMASS (Le Toan et al. 
2010; Scipal et al. 2010) assume. This non-uniqueness is seen explicitly in Figure 
(7.9) from RT2 modelling of Matchstick Model forests and through the backscatter 
dependence on basal area seen in Chapter 8 for forests beyond a particular maturity. It 
is also seen through the backscatter behaviour related to thinning levels of close to 
d=2 which provide constant forest basal area for the life of the forest as depicted in 
Figures (7.6-7.8). 
 
• Size Distribution (Scaling) 
Scaling is the least affected parameter by forest thinning. As an inherent part of a 
species make up, in this study where user defined variables are used the scaling 
remains the same through the life of the forest. Examples of this are in the studies 
incorporating the WBE model. Chapters 5, 6 and 7 all rely on this model to provide 
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scaling information through all branching layers but in Chapter 7 this is minimised to 
stem size increments. As a result of only considering stems the backscatter trends 
resulting from scaling variation are minimal with the relationship between backscatter 
and basal area maintained albeit at different backscatter intensity levels. Where 
thinning does influence scaling is when the SERA model is used. The SERA model 
(Chapter 3.2) possesses different allometric identities (see appendix Chapter 12.2 for 
examples) dependent on whether maturity has been reached. As a result of the 
mortality and regrowth allowed by SERA, trees possessing different allometric 
identities can exist within the same forest stand. Additionally within multispecies 
stands the dominant behaviour of one species over another will alter the balance of 
one allometric identity over another. 
 
Where scaling is of most interest is in the work of Chapters 5 and 6 where the 
distribution of branching and size within the vertical profile are affected by 
variations. The conclusions of Chapter 5 are not dependent on the scaling as shown 
from the similar trends displayed in Figure (5.8) where the dominant backscattering 
layer is a result of the nature of Optical and Rayleigh scattering. What the results 
shown in this figure do indicate is that changes in scaling can alter the vertical 
location of dominant layers within the profile. As a result the scaling variations are 
predicted to have implications for interferometric studies such as examined in 
Chapter 6 where two different forest structures in terms of branching are seen to have 
different vertical backscatter profiles subsequently different interferometric 
interpretations, see Figures (6.5) and (6.6). The result of such modifications in 
fullness of canopy is for the structure approximation using coherence tomography to 
produce less accentuated spikes, occurring relatively lower in the vertical profile. A 
fuller canopy from ground to top with varying branch sizes within each layer lowers 
the vertical location of interferometric dominance within the canopy. In a similar way 
a multi-age, multi-species forest representing many scaling identities would present a 
varied distribution of branch sizes within the vertical profile. The dominance of a 




Volume is not shown in any experimental chapters to be responsible for saturation 
behaviour. The relationship between backscatter and volume is largely confined to the 
early stages of forest growth representing the low volumes on a backscatter saturation 
curve. Proportionality between Rayleigh scattering and the squared volume of a 
scatterer (Chapter 2.3) ensures that backscatter saturation can only occur with 
constant volume. It is therefore not possible for volume to be responsible for 
saturation in the forests studied here unless an attenuation related explanation is 
indeed the case. Volume to height relationships examined in Chapter 4 also highlight 
how volume is not dependent on the structure of the forest. Its most significant 
contribution is apparent in Chapters 5 and 6 where the shape of the backscatter 
profiles are dependent on the number density dependence of Optical scatterers and the 
volume of the Rayleigh scatterers as in Figure (5.5).  
 
Although these macroecological factors are deemed to be influential in forming the 
backscatter trends of empirical data, their influence is dependent on the nature of the 
active scattering regimes. This thesis has explored the macroecological effects on the 
backscatter and has crucially linked these effects to the physics of scattering. For 
horizontal forest structure the most simple structures to model are the stems which 
contribute significantly to total forest volume and specifically to P-Band backscatter 
through double bounce interactions (Saatchi and McDonald 1997). By simplifying the 
modelling scenario to consider solely stems the particular effects of macroecological 
variations and influence of scattering regime change could be examined in a 
controlled environment allowing the Matchstick Model concept existing as a result of 
the findings of Chapter 5 concerning scattering regimes to be used in Chapter 7 and 
further examined in Chapter 8. The comparison of the radiative transfer data and the 
results of simple calculations involving two equations representative of scattering 
































10 Thesis Conclusions 
 
This thesis offers a unique synthesis across biophysical models and radiative transfer 
theory to provide an analysis of the effects of some  macroecological parameters on 
the backscatter return from forests. In so doing it examines both vertical and 
horizontal backscatter distributions and the macro ecological trends associated with 
them. 
 
Each piece of work featured in this thesis has addressed a question related to the radar 
backscatter behaviour of forests. Of particular focus has been how the different forest 
dynamics used in this work influence the interpretation, and therefore the estimation, 
of forest volume/biomass. The importance of findings such as those presented in this 
thesis relate primarily to furthering the understanding of the radar scattering 
relationship with vegetation. The consequences of this new understanding is to impact 
on future remote sensing missions either by advising on the potential of a particular 
survey method or to offer insight on the interpretation of data retrieved from 
operational missions. This is especially befitting of research intended to operate at P-
Band wavelengths or longer.  
 
An example of such a prospective mission is the European Space Agency’s proposed 
BIOMASS mission (Le Toan et al. 2010; Scipal et al. 2010), which will incorporate 
both intensity and interferometric P-Band data to provide forest global biomass 
observations as part of its scientific mission. Of particular significance to such 
missions is the potential structural influence of the forest on interferometric data and 
its interpretation which will be used to obtain height measurements for allometric 
conversion to biomass estimates (see Chapters 4, 5, and 6) and indeed the structural 
variations that appear to influence the relationship between SAR backscatter and 
forest volume (see Chapters 7 and 8). What this thesis adds to the understanding of 
these scenarios is that the dynamics of forest structure have an key role in defining 
the observed SAR backscatter responses and trends. 
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This thesis makes several contributions to further the understanding of SAR 
backscatter behaviour of forests through the modelling undertaken. These are: 
 
• Through modelling using a forestry growth model forest it is demonstrated that 
volume does not possess a unique relationship with forest height. Of the height 
classifications investigated mean height is shown to have a greater association 
with volume than is exhibited by maximum, H100, and Lorey’s height but its 
applicability to remote sensing is diminished by the inability of methods such as 
SAR and LiDAR to measure all trees within a forest. Lorey’s height is suggested 
as a more appropriate height class for association with volume through remote 
sensing as it maintains qualities of the mean height measurement as well as the 
remote sensing methods through the consideration of all trees but by weighting 
the height measurement towards the larger. 
• P-Band volume scattering from within the vertical profile of a forest is defined by 
the number density and size of the scatterers at each layer rather than being 
determined by biomass and attenuation. Based on the assumption that SAR 
backscatter within a forest can be described as either Rayleigh or Optical 
scattering, RT2 modelling data reinforces the theory that Rayleigh backscatter is 
dominated by the size of the scatterers and Optical backscatter is dominated by 
the number density. A dominant scattering layer is shown to exist where branches 
in the region of scattering transition produce maximum backscattering intensity. 
• L-Band vertical backscattering profiles which, in empirical data features a peak in 
intensity below the surface of the canopy, similar to those of Chapters 5 and 6, 
can not be sufficiently represented by the RVoG model which describes 
backscatter through an exponential signal decay. This is due to the volume 
scattering vertical profile being dominated by structure effects rather than simple 
extinction. More appropriate descriptions are found using Gaussian or Legendre 
solutions which can better describe these effects but require additional 
interferometric baselines to accurately infer volume from height measurements. 
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• P-Band and VHF backscatter saturation behaviour can be reproduced using a 
forest description of solely identical cylinders to represent stems. Saturation 
behaviour is shown through modelling to be produced as a consequence of 
Optical backscatter  being dependent upon the total physical cross section of the 
stems rather than as a consequence of increasing extinction as volume increases. 
This is possible through the intervention of thinning which allows forest volume 
to increase while number density is reduced leading to a direct association 
between saturation and forest thinning. Thinning determines total basal area 
variations as a forest increases in volume.    
• Even for longer wavelengths, mature forests are dominated by Optically 
scattering constituents which determine that SAR backscatter increase is driven 
by basal area increases as forest volume grows.  
• The relationship between forest volume and forest backscatter is shown to be non-
unique in the presence of identical vertical stems representing forests as well as in 
the presence of a heterogeneous stem height and size distributed environment as a 
consequence of the association with forest basal area. 
• Vertical and horizontal forest structure, manifested through number density and 
size variations, can significantly influence the backscatter trends of backscatter 
with volume, and with height. The extent of this influence is evident where 
different thinning practices or species-specific scaling are employed. 
 
As with any study this thesis has limitations. The most significant limitation of the 
study being that it is purely model-based with reliance on published literature to 
verify the findings. In the interests of completeness future empirical work would be 
required to validate the relevance of this thesis’ findings with particular interest paid 
to forest basal area values, which are not as commonly referred to in the literature as 
forest biomass. In addition the existence of a test forest with exact inventories and 
regular SAR data would be an exceptional source for theoretical studies such as this. 
Additional limitations relate to the nature of the modelling. Particularly important in 
this sense is that only one radiative transfer model was used to calculate backscatter 
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values. The use of additional models would potentially corroborate the findings 
published here and would add further significance to the presented conclusions.  
 
Potential future work on this subject would concentrate on the use of interferometry. 
With intensity measurements shown to be particularly structure dependent the 
relationship of interferometry, and polarimetric interferometry, to forest height must 
be better understood. Chapters 4, 5 and 6 provided a series of examples of how 
interferometric data is not entirely understood and it is thought that modelling using 
interferometric models in collaboration with similar forest models to those used in 
this thesis would allow a greater insight into the nature of scattering phase centres. In 
such work there lies the potential of using multi-frequency and multi-polarisation data 
to infer a high level of structural detail in the vertical profile. Such successes would 
then lead to a potential increase in the accuracy of biomass estimates across forest 
stands. 
 
This thesis has tackled the subject of forest remote sensing using a deductive 
approach aiming to provide, through the modelling procedures carried out, general 
explanations that encompass a large range of radar backscattering behaviour exhibited 
by forest ecosystems. This is in contrast to the more common inductive approach of 
reasoning from the particulars of empirical studies of specific forests to explain the 
universal scenario. This thesis has aimed to achieve these explanations by relying on 
a minimal number of generalised macroecological predictions. 
 
“The grand aim of all science is to cover the greatest number of empirical facts by 
logical deduction from the smallest number of hypotheses or axioms.” 
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12.1 Appendix 1 
12.1.1  Preliminary Validations for Allometric Choices 
 
After identifying the potential of using allometric relations for forest backscatter 
purposes a preliminary parameter study was conducted for use with allometric equations 
collected and published in (Zianis and Mencuccini 2004). The allometric equation under 
investigation is of the form M = a. D 
b
 , with the a and b scaling exponents given in 
Zianis and Mencuccini and the diameter, ‘D’, taken from 50 year old samples of each of 
the 8 tree species featured in the 1946 British Forestry yield tables to give biomass ‘M’. 
In this study 279 combinations of the ‘a’ and ‘b’ parameters were used, collated from 
empirical methods for various tree species including excurrent and decurrent types. 
Using these parameter combinations a series of possible biomass values were calculated 
for individual tree species. The distribution of which is seen below. 
 
Figure A1.1.Relation of reported a and b scaling values. Taken from  (Zianis 2003). 
 
In figures A1.2 and A1.3 there is a large distribution of biomass values separated into bin 
ranges using the equations available. It is true that the parameters for the allometric 
equations were derived for particular tree species but also that there is a trend towards a 














































































































Figure A1.2. Histogram showing frequency of biomass values for European Larch within a particular 
range using exponents taken from Zianis and Mencuccini (2004) and diameter values from 1946 British 































































































Figure A1.3. Histogram showing frequency of biomass values for Scots Pine within a particular range 
using exponents taken from Zianis and Mencuccini (2004) and diameter values from 1946 British forestry 
yield tables. Bin values represent biomass in ton/ha. 
 
The b value predicted by the WBE model has the value of 2.67 which does not 
correspond exactly with the mean value of 2.3679 from the collation of allometric study 
values from the literature. This does not disprove the theoretical value but there is a 
distinct trend towards values for b of between 2.36 and 2.6. If the theory of a generic 
allometric equation were to exist or for a range of values to be acceptable then such a 
relationship as shown above would be expected. The incorporation of a range of values is 
recommended, rather than the use of solely the WBE prediction. The WBE model 
predicts a relationship between mass and radius of:   
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with the a value in this case determined by the geometry of the branching. These ‘a’ 
values have been seen in nature to range from approximately 2/3 to 4/3. For example 
excurrent trees would be represented by exponent ‘b’ with a value of approximately 3 as 
a result of an a value of 2/3, while for decurrent it would be 2.67 when using the 
decurrent based WBE model with an a of 1. By dividing the equations into coniferous 
and broadleaf species the following statistical studies could be made and plotted. 
 
 
Figure A1.4. Relative frequency distribution of ‘b’ values superimposed on normal curve taken from 
(Zianis 2003). 
 
The distribution of values when segregated indicates a relatively small difference 
between ‘b’ values of coniferous and broadleaf species. The mean value for coniferous 
can be seen to be lower than that of the broadleaf. The predictions of the WBE model are 
specifically tailored for broad leaf decurrent trees which may be the reason for the mean 
‘b’ value being closer to the WBE value of 2.67.  It is also interesting to note the 
presence of parameters derived for “all species” such as that of (Martin et al. 1998) 
where a value of 2.663 for ‘b’ coincides with certain values of both coniferous and 


















Figure A1.5.  Distribution of ‘b’ values from broadleaf allometric equations collated by (Zianis 2003). 


















Figure A1.6.  Distribution of ‘b’ values taken from coniferous allometric equations collated by Zianis and 
Mencuccini (2004). Mean value denoted by open data point. 
 
A useful conclusion to arise from this study is that it seems apparent that there exists a 
difference in scaling exponent for decurrent and excurrent trees. Although the results 
have not entirely agreed with the WBE predictions, the values still lie within a range 
within reasonable proximity to WBE predictions. As the WBE model refers to trends in 
nature this preliminary work serves to show that these trends do exist and that the range 
of values used in (Woodhouse 2006b) are appropriate for further use rather than 




12.2 Appendix 2 
 




Angiosperm Abies Alba 
Generic 
Gymnosperm 
  densityStem: 995.76 718.90 764.30 
  densityLeaf: 500 923.43 923.43 
  densitySeed: 497.88 359.45 479.00 
  canopyTransmittance: 0.02 0.02 0.02 
  fractionMinimumSurvival: 0.20 0.20 0.20 
  heightLeafMax: 0.00030 0.00030 0.00030 
  heightStemMax: 31.46 42.70 30.11 
  youngsModulusStem: 9.65 7.40 7.33 
  makeSeeds: TRUE TRUE TRUE 
  fractionSelfishness: 0.5 0.5 1.0 
Reproduction reproductionConstant: 0.0070 0.0997 0.5000 
  reproductionExponent: 1.710 1.100 0.085 
  numYearsGrowthMemory: 2.000 2.000 1.098 
  massSeedMax: 0.008 0.600 0.085 
  locSeedFormation: [1.0,0,0.0] [1.0,0,0.0] [1.0,0,0.0] 
  seedDispersalMethod: [4,45,5] [4,45,5] [4,45,5] 
  photoConstant: 1.51 1.53 0.58 
  photoExponent: -0.45 -0.46 -0.46 
  canopyTransmittanceImpacts FALSE FALSE FALSE 
Photosynthesis fractionCarbonToSeeds: 1 1 1 
  fractMassSeedMaxToGerm: 0.8 0.8 0.8 
  fractionSeedMassToPlant: 0.003400 0.000045 0.000317647 
  fractionCarbonToStem: 0.99 0.99 0.99 
Allometry speciesConstant1: 0.86 0.94 0.72 
  speciesExponent1: 1.02 1.00 1.04 
  speciesConstant2: 0.1200 0.0397 0.2902 
  speciesExponent2: 0.880 1.199 0.972 
  speciesConstant3: 0.085 0.248 0.385 
  speciesExponent3: 0.77 0.73 0.71 
  speciesConstant20: 0.026 0.029 0.030 
  speciesExponent20: 0.38 0.39 0.40 
  speciesConstant7: 160.81 100.06 80.26 
  speciesExponent7: 1.10 1.08 0.93 
 speciesConstant8: 7.71 15.51 8.49 





12.3 Appendix 3 
 
12.3.1 Comparative Data for Cases (b) and (c) from Chapter 10 
 
 Case (a): Described thoroughly in Chapter 10 
 






















Figure A3.1. RT2 modelled P-Band HH Backscatter and volume values shown with respect to the 
visual appearance of the Angiosperm forest at 0, 25, 50 , 75 and 100 years old, left to right 
respectively. Note that backscatter and volume values are only representative of stems. Y axis position 
of images for display purposes only. 
 
The generic angiosperm allometry was determined for SERA using the Cannell 
dataset. The allometry differs from Abies Alba through many parameters both 
physically and functionally. The forest progression data is given in Table 8.2. The 
visualisation of this progression is also included with the backscatter contribution 
associated with each stage of the forest growth, Figure A3.1. The backscatter, as a 
result of separating the scatterers into classes of Optical and Rayleigh, is also 
displayed alongside the total forest backscatter highlighting the large Optical 
contribution at 429MHz, Figure A3.2. The total backscatter is shown to progress in a 
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more uniform way than for Abies Alba. Thinning is at a much greater rate and basal 
area and volume increase at a steady rate. There is no obvious overexpansion.  
 
 Case (c): Mixed Species (Gymnosperm and Angiosperm) 
 





















The mixed species forest example consists of 6 variations of species comprising Abies 
Alba, generic angiosperm with additional shade constant, generic angiosperm, generic 
gymnosperm with Abies Alba photo constant, and generic gymnosperm with 













0 24788 0.00 0.00 0.06 0.00 0.000 
2 24141 0.38 0.56 0.80 0.00 0.381 
4 21465 18.70 6.26 6.26 19.40 2.014 
6 16477 86.27 14.92 7.51 83.76 2.393 
8 13004 165.61 20.86 9.76 165.60 0.015 
10 10322 235.08 23.98 11.36 234.77 0.155 
12 7642 289.63 25.67 12.60 289.42 0.213 
14 5700 332.29 26.53 13.62 332.17 0.122 
16 4567 364.48 26.87 14.47 364.42 0.063 
18 3915 392.53 27.26 15.20 392.45 0.079 
20 3389 413.94 27.36 15.85 413.88 0.060 
22 2951 435.58 27.67 16.43 435.50 0.084 
24 2713 455.71 27.99 16.95 455.65 0.061 
25 2598 464.70 28.12 17.19 464.63 0.069 
26 2506 474.66 28.31 17.43 474.76 0.086 
28 2230 489.18 28.45 17.86 489.12 0.057 
30 2027 502.80 28.53 18.26 502.75 0.047 
32 1917 513.47 28.55 18.64 513.43 0.038 
34 1842 524.64 28.60 18.99 524.59 0.053 
36 1756 529.77 28.41 19.32 529.71 0.055 
38 1668 536.50 28.31 19.63 536.50 0.052 
40 1643 544.97 28.36 19.92 544.92 0.052 
50 1335 580.10 28.50 21.17 580.06 0.040 
60 1383 571.54 26.92 22.19 571.48 0.062 
70 1563 575.05 26.61 23.03 574.99 0.060 
80 1506 589.41 26.74 23.75 589.36 0.056 
90 1619 565.68 25.35 24.35 565.60 0.073 
100 1645 570.19 25.48 24.85 570.14 0.052 
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after 100 years becomes the generic angiosperm with a gradual reduction in the 



























Figure A3.2. RT2 modelled P-Band HH backscatter associated with a SERA generated Angiosperm  
forest over a 100 year period in terms of Total, Rayleigh and Optical backscatter.. 
 
Figure A3.3. Horizontal and bottom-up representation of Mixed Species forest before canopy 
removal. Glimpses at 0, 25, 50, 75 and 100 years over 1ha. Purple represents stems, darkness of green 
























Figure A3.4. RT2 modelled P-Band HH Backscatter and volume values shown with respect to the 
visual appearance of the Mixed Species forest at 0, 25, 50 , 75 and 100 years old, left to right 
respectively. Note that backscatter and volume values are representative of stems. Y axis position of 
images due to space limitations. 
 
Data is provided in the form of Table A3.1 and Figure A3.3 showing the forest’s 
growth progression as well as backscatter values against volume in the form of total 
backscatter, Figures A3.4 and A3.5. A visual interpretation is also provided with 
respect to years of growth as well as volume in Figure A3.4. with the contributions of 
























Figure A3.5.  RT2 P-Band HH backscatter associated with a SERA generated stem forest of mixed 
species over a 100 year period. Backscatter shown for Total, Optical and Rayleigh backscatter. 
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12.4  Appendix 4 
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Figure A4.1: Abies Alba planting density 10000. Vertical biomass distribution within the forest over 1m 
increments for forest total biomass density after 20, 40, 60, 80 and 100 years. Total cumulative biomass 
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Figure A4.2: Abies Alba initial planting density 10000. Vertical biomass distribution within the forest over 
1m increments for forest total stem biomass density after 20, 40, 60, 80 and 100 years. Total cumulative 
stem biomass density is shown in legend.  
 
Examples from Abies Alba, Generic Gymnosperm, Generic Angiosperm, Mixed Species, 
Cryptomeria; years 20, 40, 60, 80, 100; starting population of 10000 are used. SERA has 
been used in this thesis for the primary purpose of predicting forest backscatter behaviour 
of different species growing in competitive environments. In addition it has been used to 
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model the relationships between forest “average” height and volume. An additional role 
that SERA can perform is in describing the distribution of forest biomass. Here its ability 
to model vertical biomass distribution is emphasised. For Abies Alba, Cryptomeria, 
Generic Gymnosperm, Generic Angiosperm, and a Mixed Species example, forests are 
generated for 20, 40, 60, 80 and 100 year periods. Each forest is assigned a starting 
population of 10000 and is limited to 100 years of growth.  The areal constraints are 
limited to a single hectare with no outer growth allowed. The vertical distribution of the 
biomass in each of these forests is displayed using single metre increments to display 
how much biomass is present within each metre of the vertical profile. In the case of 
stems the largest biomass accumulation over a single metre increment will be associated 
with the metre spanning from the ground upwards. All stems must have a presence in this 
vertical region and as the study ventures higher into the canopy the stem contribution to 
biomass will drop off as fewer trees will scale the maximum forest height. In addition the 
canopy contribution is also included. Biomass values in kg are assigned by SERA and 
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Figure A4.3: Generic Gymnosperm initial planting density 10000. Vertical distribution of biomass within 
forest over 1m increments, for total biomass density after 20, 40, 60, 80 and 100 years. Total cumulative 
biomass density is shown in legend. 
 
In Figures A4.1 and A4.2 the vertical distribution of Abies Alba is shown in terms of total 
biomass and total stem biomass density. Where the total biomass density is considered 
the data consists of both stem and canopy. For the total stem biomass density distribution 
 276 
the trend at each age is for the first metre in the vertical profile to initially contain the 
most biomass, with this level dropping gradually as profile height increases. The gradual 
biomass decrease suffers from a rapid drop off at the limits of the tallest stems as the 
profile reduces to zero beyond the forest limits. This behaviour is exhibited for all 
modelled examples when stem biomass density is solely considered. Abies Alba data 
differs from other examples in one crucial way, this is that the general trend is for the 
younger stands to possess more biomass in the first few metres than the older stands. 
This is a likely result of variations in the exhibited thinning behaviour with the thinning 
rate of Abies Alba such that a large reduction in stem numbers is apparent between the 
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Figure A4.4: Generic Gymnosperm initial planting density 10000. Vertical biomass distribution within 
forest over 1m increments for total stem biomass density after 20, 40, 60, 80 and 100 years. Total 
cumulative stem biomass density shown in legend.  
 
For total biomass density the inclusion of forest canopy reduces the familiarity of the 
biomass distribution between species but also due to the stochastic nature of forest 
growth. When plotting the vertical distribution of total biomass for each modelled 
example after 100 years of growth similarities are apparent for Generic Angiosperm and 
mixed species examples due to the gradual dominance of angiosperms over 
gymnosperms. The gymnosperm cases of generic gymnosperm and Cryptomeria both 
exhibit biomass drop offs per metre as the location of the canopy is increased upwards, 
but once the canopy is reached there is a very large increase in biomass, particularly for 
 277 
the generic gymnosperm which indicates a majority of trees present in the forest are 
similar to the maximum height. The Abies Alba forest has a much less significant 
contribution to the total biomass density per vertical metre from the canopy biomass. The 
minimal increases due to the canopy at higher levels within the canopy can describe the 
Abies Alba vertical structure as either being a forest consisting of a variety of different 
heights which disperses the canopy contribution throughout the vertical structure or as a 
forest which assigns less biomass to the canopy components. Analysis of raw data shows 
that the tallest tree in the Abies Alba forest assigns a greater percentage of mass to the 
canopy than a generic angiosperm. As such the description of the vertical structure must 
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Figure A4.5: Generic Angiosperm, initial planting density 10000. Vertical biomass distribution within the 
forest over 1m increments for total biomass density after 20, 40, 60, 80 and 100 years. Total cumulative 
biomass density shown in legend. 
 
This appendix highlights the further capabilities of Macroecological models for studies 
concerning remote sensing. Such studies with which these abilities can be associated are 
those that study vertical heterogeneity within a forest using radar backscatter and 
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Figure A4.6 Generic Angiosperm, initial planting density 10000. Vertical biomass distribution within the 
forest over 1m increments for total stem biomass density after 20, 40, 60, 80 and 100 years. Total 
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Figure A4.7: All Species initial planting density 10000. Vertical biomass within the forest over 1m 
increments for total biomass density after 20, 40, 60, 80 and 100 years. Total cumulative biomass density 
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Figure A4.8: All Species initial planting density 10000. Vertical biomass distribution within the forest 
over 1m increments for total stem biomass density after 20, 40, 60, 80 and 100 years. Total cumulative 
stem biomass density shown in legend. 
